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An 	introduction to macrocyclic chemistry is 
given. The relevance of transition metal macrocycles and 
porphyrins to biological systems and substrate binding 
and activation is described. The general aims of the 
project are introduced. 
Chapter 2 
The 	synthesis, 	characterisation 	and 
electrochemistry of the mixed N- and S-donor inacrocyclic 
complexes, 	[M((18laneN 2 S 4 )j 2 . 	(M= Cu, 	Ni, 	Fe), 	and 
[M'(Me 2 (l8laneNS)] 	, 
	
(M'= Cu, 	Ni). 	are 	described. 
Single 	crystal 	X-ray 	structures of [Ni([l8]aneN 2 S 1 2 )1 
and 	(Fe({18]aneN 2 S 4 )1 2 	each 	reveal 	octahedral 
stereochemistry at 	the metal ion with co-ordination to 
all 	six 	donor 	atoms 	in 	a 	rac-configuration 
(Ni-S= 2.40-2.43, 	Ni-N= 2.07-2.13, 	Fe-S= 2.26-2.27, 
0 
Fe-N= 2.02-2.04A). 	The single crystal 	structure 	of 
1Cu(Me 2 1l8)aneN 2 S 4 )1 2 	shows 	a tetragonally elongated 
octahedral 	stereochemistry 	for 	Cu(Ii) 	in 	a 
0 
meso-configuration 	(Cu--S 	2.50, 	Cu--N= 220A). 	This 
contrasts 	the 	X-ray 	structure 	of 	[Cu([18]aneN 2 S 4 )1 2 
which shows a tetragonally compressed stereochemistry in 
a rac-configuration. 	This structural 	difference 	is 
reflected 	in 	the 	redox propertiess 	of 	the 	Cu(I1) 
complexes. FCu(Me 2 [181aneN 2 S)] 2 	exhibits 	a 	reversible 
Cu(II)/(I) couple at E 1/2 = -0.06V vs. Fc/Fc, while 
i i i 
[Cu([18]aneN2S4)I2 	shows a reversible Cu(l1)/(I) couple 
at 	a 	more negative potential (E 112 = -0.31V vs. Fc/Fc). 
The single crystal structure of 	the binuclear cation. 
[Cu 2 (Me 2 Fl8]aneN 2 S 4 )(NCMe) 2 ] 2 shows tetrahedral 
co-ordination of each Cu(l) centre to one N- and two 
S-donors of the macrocycle, (Cu-S= 2.29-2.32. 
0 
Cu-N= 2.17A), 	and 	one 	NC Me 	solvent 	molecule 
0 
(Cu-N= l.92A). 
Electrochemical 	studies 	on 	[Ni(18ianeN 2 S 4 )] 2 
show a reversible Ni(tI)/(II1) 	couple 	(E 112 = +0.98V vs. 
Fc/Fc), and Ni(II)/(I) couple (E 1/2 = -l.51V vs. Fc/Fc). 
A 	red 	e.s.c.-active 	solution 	containing 	the 	Ni(lI1) 
cation, 	Ni([ 18 ]arieN 2 S ,4 )3, 	can 	be 	obtained 	by 
controlled 	potential 	electrolysis (4-1.15V), (9 1 = 2.129, 
g 2 = 2.104. g 3 = 2.027) or chemical oxidation (60% 	UC10 4 ) 
[i(Me 2 [181aneN 2 S 4 H 2 exhibits a reversible one-electron 
reduction 	at 	E 172 = -l.13V vs. 	Fc/Fc, 	indicating 	a 
greater interaction with the soft S-donors in the 	latter 
species compared to the former. 
The 	synthesis 	and 	electrochemistry 	of 
[Co([18]aneN 2 S 4 )] 2 	and 	[Rh(118]aneN2S4)]3 	are 
described. 	Single 	crystal 	X-ray 	structures 	of 
M([18]aneN 2 S 4 )1 3 , (M= Co. Rh), each show octahedral 
co-ordination to the macrocycle with a rac-configuration, 
(Co-S=2.25-2.27, Co--N= 2.20, Rh-S=2.33-2.34, 
0 
Rh-N= 2.08-2.101). 	Electrochemical 	studies 	on 
iv 
[Co([18]aneN2S4)]2 	in 	MeCN, 	show 	a 	reversible 
one-electron 	reduction 	(E 1/2 = -l.30V vs. 	Fc/Fc') 	and 
oxidation 	(E 112 = -0.07V vs. 	Fc/Fc'). 	assigned 	to 
Co(I1)/(I) 	and 	Co(II)/(III) 	couples 	respectively. 
Electrochemical 	studies on 	[Rh(18ianeN 2 S 4 )] 3 show an 
irreversible two-electron reduction (E PC = -1.34V vs. 
Fc/Fc). The reduction product is tentatively assigned as 
the Rh(I) species [Rh([ 18 ]arieN 2 S 4 H. 
The 	synthesis 	and 	characterisation of the 
 
deprotonated 	complex, 	[Rh([18}aneS6-H)J 2+ , 	are 	also 
described. Deprotonation of the co-ordinated hexathia 
macrocycle, [18aneS 6 . results in ring--opening to form a 
vinyl species. 
.Chapter 4 
The synthesis, structure and electrochemistry of 
iPd(i18ianeN 2 S 4 H 2 ' 	and 	FPd(Me2{18]aiieNS4)J2 	are 
described. 	A 	single 	crystal 	diffraction 	study of 
[Pd([18]aneN2S4)I 	shows an unusual distorted octahedral 
stereochemistry, due to 	long-range 	interaction of two 
S-donors, 	(Pd... S'= 2.95-3.00A), 	to the equatorial N 2 S 
 2 
co-ordination plane. (Pd-N= 2.07-2.12, Pd-S= 2.31-2.361). 
This contrasts 	the 	single 	crytal 	structure 	of 
1Pd(Me2l8]aneN2S4)J 2+ which 	shows 	square 	planar 
0 
tetrathia co-ordination 	to 	Pd( II) , 	( Pd-S= 2.32-2.341).  
with the N-Me groups directed away from the metal and not 
0 
interacting. 	(Pd ... N= 3.74-3.76A). 	This 	structural 
difference has a marked effect on the redox properties of 
these Pd(I1) complexes. 	[Pd([181aneN2S4)]2 	exhibits 	a 
V 
chemically 	reversible 	one-electron 	oxidation 
(E 1/2 = +0.57V vs. Fc/Fc) in MeCN. 	Controlled potential 
electrolysis 	in MeCN 	leads 	to the formation of the d 7 
[Pd([l8IaneN2S4)} 
3+ cation, 	which 	is 	characterised 	by 
e.s.r. 	(g1=2.064, 	92= 2.052, 	g3=2.09) 	and in situ 
UV/vis 	spectroscopy. 	Electrochemical 	studies 	on 
1Pd(Me 2 [18]aneN 2 S 4 )I 2 	in 	MeCN show a one-electron 
reduction (E 112 = -0.74V vs. Fc/Fc). Controlled potential 
electrolysis in MeCN leads to the 	formation of 	the d 9 
[Pd(Me 2 [18}aneN 2 S 4 H 	cation, 	which is characterised by 
e.s.r. (g 11 = 2.155, 	g= 2.049, 	48G, 	A= 43G) 	and 
in situ UV/vis spectroscopy. 
The 	synthesis, 	characterisation 	and 
electrochemistry 	of 	the 	Pt(II) 	'analogues, 
{Pt([18]aneN2S4)j 2- and 	[Pt(Me 2 fl8laneN 2 S 4 )]
2-  are also 
discussed. 
The preparation of the , binuclear 	complexes, 
1M2C12([i8laneN2S4)12, 	(M= Pd. 	Pt) 	is 	reported. 	The 
single crystal structure of (Pd 2Cl2([18IaneN2S4)12 	shows 
each Pd(II) ion bound to a square planar arrangement of 
two S- and one N-donor of the macrocycle and one terminal 
0 
Cl 	ligand, (Pd-S= 2.31, Pd-N= 2.05, Pd-Cl= 2.304) 
Chapter 5 
The synthesis and structures of the tetrathia 
macrocyclic 	complexes, 	[Pd([12]aneS 4 )] 2 	and 
[Pd([16]aneS4)]2 are reported. Each of these cations 
adopts a square planar stereochemistry. with Pd(II) bound 
to four th:ioether-donor atoms. ([Pd([12]aneS 4 )] 2 : 
vi 
Pd-S= 2.28-2.31. 1Pd({161aneS 4 ) 2 : Pd-S= 2.30-2.321). The 
metal 	ion is displaced out of the S 4 co-ordination plane 
by 	0.3116A 	in 	[Pd([l2}aneS 4 2 )} 	 . 	reflecting 	an 
incompatibility between the macrocyclic cavity-size and 
the radius 	of the Pd(II) 	ion. 	The 	synthesis 	and 
characterisation 	of 	[Pt([16]aneS 4 )} 2 	and the binuclear 
complexes, 	[M2 ([281aneS 8 )] 4 , 	(M= Pd, 	Pt), 	are 	also 
described. 
Electrochemical studies on all of these complexes 
are reported. The Pd(I1) tetrathia complexes each undergo 
an irreversible one-electron reduction at similar 
potentials (E 	ca. -0.8V vs. 	Fc/F'c), 	yielding 	orange 
diamagnetic complexes. 	This is attributed to generation 
of a transient Pd(I ) 	monomer, 	followed 	by 	rapid 
dimerisation via formation of an unsupported metal-metal 
- 
bone. 	[Pd 2 ([ 28 janeS 8 )]
4+ 	undergoes 	an 	irreversible 
two-electron 	reduction (E 	= -0.74V vs. Fc/Fc) in MeCN. PC 
The orange 	reduction product 	is 	assigned 	as 	the 
Pd(I)/Pd(I) d:imer, Pd 2 ([28] aneS8) 2+ These reduction 
products are each characterised by coulometry, e.s.r. and 
in situ UV/vis spectroscopy. In each case the Pd(II) 
precursor can be regenerated quantitatively from the 
reduction, products. 
V I I 
The 	synthesis 	and 	characterisation 	of 
[RhCl 2 ([l2]aneS 4 )]. 	[MCI 2 ([l4janeS 4 )1, 	(M= Rh 	Ir), 
~ 
fRhCl 2 ([l6laneS 4 )] , 	 and 	[RhCI([15]aneS)1
2- 
 are 
described. 	Single 	crystal X-ray diffraction studies on 
FMCl 2 ([14]aneS 4 )] 	each show octahedral co-ordination via 
four S-donors of 	a 	folded niacrocycle, 	and mutually 
cis-dichioro 	].igands, 	(Rh-S= 2.29-2.33, 	Rh-Cl= 2.38, 
0 
Ir-S= 2.27-2.34, 	Ir-Cl= 2.38-2.39 1 ). 	A 	single 	crystal 
X-ray 	study 	of 	[RhCi 2 ([i6]aneS 4 )] 	also 	reveals 
octahedral geometry around the Rh(111) ion. 	However, 	in 
this 	case 	the macrocycie occupies four equatorial 
co-ordination sites, with mutually trans-dichioro ligands 
occupying the apical 	sites, 	reflecting 	the 	larger 
cavity-size 	of 	the 	16-membered 	ring. 	(Rh-S= 2.35, 
Rh-Cl= 2.34A). [RhCl2([12]aiieS4)r is assigned as the 
cis-dichioro isomer on the basis of UV/vis and 13 C n.ni.r. 
spectroscopy. 
Preliminary 	electrochemical 	studies 	on 
[RhCi 2 (f 14 1aneS 4 )i 	in 	MeCN 	show 	an 	irreversible 
one-electron reduction (E= -l.lOV vs. Fc/Fc), yielding 
a 	transient 	Rh(II) 	monomer. 	The 	reduction product is 
characterised by e.s.r. and in situ UV/vis 	spectroscopy, 
and 	the 	irreversibility 	is 	attributed 	to loss of Cl 
ligand upon reduction. 	The other 	tetrathia complexes 
exhibit similar redox properties. 
viii 
Ch a pter 7 
The synthesis, structure and electrochemistry of 
[RhC1 2 (Me 4 {l4}aneN 4 )1 are described. A single crystal 
structure of this complex shows Me 4 [14}aneN 4 occupying 
the four equatorial sites, with mutually trans-chlorides 
completing the octahedral 	co-ordination, 	(Rh-N= 2.11, 
0 
Rh-Cl= 2.36A). The complex adopts the RRSS-configuration. 
The complex shows a quasi-reversible reduction in 
MeCN(E 112 = -0.99V vs. Fc/Fc). 	Reduction to 	form the 
Rh(II) 	monomer 	(2.11O 	g2=2.015, 	93= 
 1.996) 	is 
accompanied by loss of Cl 
Chapter 8 
The synthesis and characterisation of the mixed 
thia/oxa donor macrocyclic complexes (MCI 2 ([l5]aneS 2 O 3 )],
4. 
[M([15]aneS 2 0 3 ) 2 1 2 , (M= Pd, Pt), M'([1.5]aneS 2 O 3 ) 2cj 
(M'= Rh, 	Ir) 	and 	1RuCl(PPh 3 )([15aneS 2 O 3 ) 2 1 	are 
described. 	The 	single 	crystal 	structure 	of 
[Pd([15]aneS203)2}2 	reveals Pd(I1) 	bound 	to 	a 	square 
planar 	arrangement 	of 	four 	thioether-donor atoms, 
0 
(Pd-S= 2.30-2.31A). The 	possibility 	of 	binding 	alkali 
metal ions to oxa-donors is discussed. 
ix 
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The 	co-ordination 	chemistry 	of macrocyclic 
ligands has been the subject of much attention in recent 
years 	. This interest has been due to the enhanced 
stability of transition metal inacrocyclic 	complexes 
relative to their open-chain analogues, and the ability 
of macrocyclic ligands to modify their mode of 
co-ordination to meet the stereochemica1 demands of a 
wide range of metal oxidation states 2-4 The increased 
kinetic inertness and thermodynamic stability of 
macrocyclic complexes was first recognised by Cabbiness 
and Margerum during a study on a series of Cu(II) 
tetra-amine complexes 
2,  and was termed the "macrocyclic 
effect". 	Consequently, the macrocycle may be regarded as 
a protecting group for the metal ion centre, 	controlling 
its stereochemical and redox properties, and thus, 
enabling stabilisation of unusual oxidation states. The 
magnitude of the macrocyclic effect depends critically 
upon the particular complex in question. Several factors 
can lead to a diminished macrocyclic effect being 
observed. For example, incompatibility between the metal 
ion centre and the donor atom type, or ligand 
pre-organisation (see below) , or where the bad 
size-match between the macrocyclic cavity and the metal 
ion radius forces the complex to adopt a strained 
stereochemistry, e.g. in {Cu([12]aneN4)] 2+ 6 
The kinetic stability of tetra-aza macrocyclic 
complexes has been well established, with both formation 
-2- 
and particularly dissociation rate constants (k f and k  
respectively) being considerably lower than for the 
analogous non-macrocyclic systems '. Busch attributed 
this to the difference in flexibility of the 
co-ordinative bonds in these systems. Dissociation 
necessitates elongation and cleavage of the metal-donor 
bonds. This is inhibited in a macrocyclic complex since 
M-L bond cleavage leads to a distortion throughout the 
whole ring (1). In contrast, metal-donor bond cleavage in 
an open-chain system is more straightforward, involving 
an "unzipping" mechanism from one end of the chain to the 




	 ML __ (aq) 
where the stability constant, K= kf/kd.  lowering 	as 
occurs in macrocyclic complexes, leads to an increase in 
K 	
. 
C 	N >c2Qii 	
(1) 
> C>,N, (2) 
The purely thermodynamic rationale 	for 	the 
macrocyclic effect 	is rather more complex, and is still 
the focus of - 	controversy. The macrocyclic effect is a 
consequence 	of 	the 	Gibbs 	free 	energy 	term 
-3- 
(AG f =. H f _TS f ) for the metathetical reaction: 
[ML] 	+ L 
m 	, [ML m ] n++ L 
where L= non-cyclic ligand and L 
M= macrocycl.ic 1igand. 
While it has been established that both entropic and 
enthalpic contributions to the thermodynamics are 
important, 	there 	is still much uncertainty over the 
origin of the enthalpic term 
The entropic effect is usually favourable, 	since 
it is derived from an increase in the number of degrees. 
of freedom in releasing the ligand from complexation. in 
a macrocyclic free-ligand there are considerably fewer 
internal degrees of freedom compared to an open-chain 
ligand. Co-ordination to a metal diminishes these in both 
systems. However, the net gain in entropy in releasing 
the free open chain ligand from complexation is higher 
than for the macrocyclic system. 
Assessment of the importance of the enthalpic 
contribution is a more difficult task. This arises 
predominantly from the difference in solvation terms for 
L and Lm, and hence, the magnitude of this effect will be 
critically dependent on the ring size of the macrocycle, 
solvent and metal ion to be complexed. Margerum and 
co-workers have established the large difference in 
stability constants for Ni(II) complexes of [14]aneN 4 (3) 
and 2-3--2-tet, (4), arises mainly from enthalpic 
contributions. This is attributed to the differences in 
9 
ligand solvation energies . The same authors have shown 
that the magnitude of the macrocyclic effect in the 
-4- 
tetrathia 	complex, 	Ni([ 14 ]aneS 4 )} 2 P  (5), versus its open 
chain analogue, [Ni(TTT)] 2 , (6), is substantially 	lower 
11 
than for the tetra-aza systems above 	This diminished 
macrocyclic effect is attributed to the small difference 
in solvation terms for the two thioether li.gands, which 
reflects the absence of hydrogen-bonding between these 
ligands and the solvent. In this case the macrocyclic 
effect is attributed predominantly to the difference in 
configurational entropy of the free ligands. 
H'H 
( . 3) 
fUNNH2 











A further important factor contributing to the 
enhanced stability of some macrocyclic systems is ligand 
pre-organisation . Structural studies on many 
macrocyclic polythioethers have shown that they prefer to 
adopt exo-conformations, in which the sulphur-donor atom 
lone-pairs are directed away from the macrocyclic cavity, 
e.g. [14]aneS4 12 {18]aneS6 13 Co-ordination of a 
transition metal 	ion within the macrocy.clic cavity, 
therefore, necessitates a conformational rearrangement to 
the endo-form (7) . Therefore the macrocyclic effect 	for 
11 
certain thioethers may be weak or non-existant 	In 
contrast, the solid state structure of the small ring 
trithia macrocycle [9]aneS 3 shows that the preferred 
conformation of the free-ligand has the sulphur atom 
lone-pairs in an ideal orientation for facial 
co-ordination to a metal centre 	(8) 14 
	Thus, 	for 
complexation this macrocycle is not required to undergo 
an 	energetically 	unfavourable 	conformational 
reorganisation. Similarly, the uncomplexed tetra-aza 
macrocycle, [14]aneN 4 adopts an endo-conformation with 
the nitrogen atom lone-pairs directed into the cavity 
and, is therefore ideally suited for equatorial 
15 
co-ordination to a metal 	These systems are therefore 
pre-organised for metal complexation, although H-bonding 
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-6- 
1.2: Biological Systems 
The earliest known examples of transition metal 
macrocyclic 	complexes 	were those incorporating the 
tetrapyrro].e unit, 	found 	in 	naturally 	occurring, 
biologically-active 	substances, e.g. haemoglobin (9) 16, 
chlorophyll 	(10) 17 and 	vitamin 	B 12 	
(11) 18,19, 
containing Fe, Mg and Co respectively. In these 
metal.loproteins the four equatorial co-ordination sites 
are taken up by the macrocyclic ligand, leaving the two 
remaining axial sites available for the binding and 
activation of substrate molecules. 
One of the major reasons for the interest in the 
co-ordination chemistry of synthetic macrocycles is their 
potential as simple model molecules for complex 
biological systems 20 The design of accurate metal 
complex models requires the introduction of the correct 
steric and electronic features into the ligand system. 
Synthetic macrocyclic ligands are ideally suited to this 
type of study since they can be tailored to meet the 
specific requirements by variation of the cavity size, 
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Transition metal centres are known to be present 
at the active site of many other enzymes which mediate 
vital processes in vivo. For example, nickel has been 
found at the active site of four general types of 
enzymes; urease, methyl coenzyme M reductase, carbon 
monoxide dehydrogeriase and several hydrogenase 
enzymes 21 Recent evidence has identified two distinct 
classes of hydrogenases which catalyse the reaction: 
2}I 	+ 2Z. 	) 
enzymes containing trivalent nickel as well as one or 
more Fe-S clusters, and 
enzymes containing only Fe-S clusters. 
The evidence suggests that Ni is the site of interaction 
of H 2 in nickel hydrogenases, and e.s.r. spectroscopy has 
confirmed that Ni-S 	co--ordination is crucial for their 
activity. Furthermore, both the nature of the 
co-ordinating ligands and the stereochemical constraints 
appear to control the rate of electron-transfer within 
these systems 22 
The copper ion occupying the active site in the 
blue copper proteins, plastocyanin and azurin, is 
co-ordinated to two nitrogen (his-87 and his-37) and two 
sulphur-donors (cis-84 and met-92) in a distorted 
tetrahedral geometry (12) 23 Copper adopts this entatic 
(strained) state to facilitate rapid electron-transfer. 
1.3: Catalysis 
The 	design 	of 	electroactive 	complexes 
incorporating one or two labile co-ordination sites is of 
major importance in the design of effective new 
catalysts. In view of the ability of the macrocyclic 
ligands to protect the metal centres, macrocyclic 
complexes have been the focus of considerable interest 
regarding their potential in the catalytic and 
electrocatalytic reduction of small molecule substrates, 
24-28 	 29-31 
such as CO 	 and 0 	, and the activation of 
species 	such as NO, 	NO3 , 	CO, 	N 	and 	
H2 3235• 
Electrocatalysts which mediate CO  reduction at low 
potentials are important for the preparation of fuels or 
chemicals from this inexpensive - and abundant carbon 
source. Fischer and Eisenberg produced the first 
convincing results using various tetra-aza macrocyclic 
complexes of Ni and Co, (13-17), and showed CO and H 2 as 
24 
the 	major 	reduction 	products 	. 	More 	recently, 
[Ni({14]aneN 4 )J 2 	has 	been reported to mediate 	the 
reduction of CO 	to CO in aqueous solution, at around 
0.5V below the 	thermodynamic 	value, 	without 	the 
generation 	of 	significant amounts of H 2 from the 
competing reaction of the electro-reduction of 
water 
26,27  Other macrocyclic complexes which facilitate 
the electrocatalytic reduction of CO  include Co and Ni 
phthalocyanines 
25,  and Ag(II) and Pd(II) complexes of 
2 	
2 36 
and TPP OEP 
• 	In the latter cases CO is not 
-10- 
detected as a reduction product, but rather oxalic acid 
and 112 
12+ 
T  H NiNP 












Catalysts which mediate the reduction of dioxygen 
are of considerable interest in the design of efficient 
fuel cells. Co.Ilman and co-workers have reported an 




 0 using a cofacial dimeric Co/Co porphyrin 	(see also 
Chapter 3). The same authors have illustrated 	the 
application of several platinum metal porphyrin dimers,. 
(M 2 P 2 , M= Ru, Ir, Os, Rh, P= OEP 2 , TTP 2 ) , 	 for 	binding 
and 	insertion 	of small molecules such as CO and 
112 
'' (see also Chapter 5). The first example of a 
monomeric macrocyclic complex which catalyses the direct 
four--electron reduction of 02  in acidic solution is 
Ir(OEP)H adsorbed on graphite electrodes. The proposed 
mechanism for the reduction is illustrated in Fig. 1.1. A 
major advantage of this system is that reduction occurs 
without production of significant 11202 concentrations 31 
- ii- 
jg._l.l:Proposed mechanism for the catalytic 
reduction of 0 by lr(OEP)H 
02 
2 	
'r 	 1 	OEP 
2 I4 O 	4,4H 
Wayland and co-workers have utilised [Rh(OEP)] 2 
for the catalytic generation of methanol and formaldehyde 
from 112  and CO by irradiation at 350nm 38 
Using tetra-aza and tetrathia macrocycles as 
protecting groups, 	complexes such as [Rh(18)(C 3 H 6 Br)IJ, 
{Rh(19)(C 6 EI 5 CO)Cl] and [Ni(20)CH 3 ] 4 can be produced by 
oxidative addition of alkyl or acyl halides to the 









CN  e 
(20) 
-12- 
1.4: Aims of Work 
Although thioethers are generally considered to 
be very poor ligands to transition metal centres 42, 
recent studies have established that macrocyclic 
thioethers are very effective ligands, with a-donor, 
it-donor and it-acceptor properties being of relevance to 
metal-ligand binding. In contrast, saturated nitrogen 
ligands can participate only in a-bonding. 	However, 
N-alkylation 	can impart both steric and electronic 
effects upon a polyaza macrocyclic complex . All of these 
features have been utilised for the stabilisation of a 
wide range of unusual transition metal oxidation states 
by macrocyclic ligands However, although the factors 
influencing the stability of homoleptic metal inacrocyclic 
complexes are quite well established, fewer studies on 
mixed donor macrocyclic species have been undertaken. 
Consequently, a study of the co-ordination chemistry of 
the mixed sulphur- and nitrogen-donor macrocycles, 
{18]aneN 2 S 4  and Me 2 {l8ianeN 2 S 4 , 	with 	a 	series 	of 
transition metal centres was initiated. Particular 
emphasis was placed upon structural characterisation of 
the complexes, in order to assess the co-ordinative 
flexibility of these potentially haxadentate 18-membered 
ring macrocycles, and investigation of the redOx 
characteristics of 	the 	resulting 	metal 	complexes 
(Chapters 2, 	3 and 4). We proposed also, that first row 
transition metal 	complexes 	of 	these 	macrocycles, 
-13- 
(particularly Cu, Ni, Fe and Co), may be of relevance as 
models for in vivo complexes, since they exhibit similar 
co-ordination spheres to those known to be present at the 
43 
active site 
The 	multi-redox 	and 	catalytic 	properties 
exhibited by second and third row transition metal 
porphyrin complexes have been studied extensively by 
29,37,44 
other workers 	 . However, there remains a general 
paucity 	of low-valent complexes incorporating these 
metals, [Pd(I), Pt(I), Rh(II), Ir(II)I. This is 
attributed mainly to the tendency for these species to 
undergo facile dimerisation reactions, via formation of a 
direct metal-metal bond 45,46• Following the recent 
stabilisation of monomeric Pd(I) 	centres by tetra-aza 
ionophores by the group in Edinburgh '?, we proposed that 
stabilisation of Pd(l) 	could also be 	achieved 	by 
tetrathia co-ordination. Also, importantly, the 
Pd(II)/(l) redox potentials would be made more accessible 
by incorporation of the softer sulphur-donor atoms rather 
than nitrogen-donors. The second area of work was 
therefore concerned with a study of the synthesis and 
electrochemical properties of palladium and platinum 
complexes containing a series of tetrathia macrocyclic 
ligands. (Chapter 5). The importance of the platinum 
group metals in catalytic applications 
48  led to this 
study being extended to rhodium and iridium systems 
involving these tetrathia macrocycles, (Chapter 6), and 
also the tetra-aza macrocycle, Me 4 [14]aneN 4 , (Chapter 7). 
-14- 
The resulting Rh and Ir complexes are ideally suited for 
catalytic investigation, since four co-ordination sites 
are taken up by the macrocycle, leaving two labile sites 
potentially available for binding and activation of small 
substrate molecules. 
The final area of study was concerned with the 
co-ordination chemistry of macrocyclic ligands containing 
receptor sites potentially capable of binding both hard 
and soft metal guest ions. Chapter 8 describes the 
co-ordination of the mixed thia/oxa donor macrocycle, 
(15]aneS 2 0 3 , 	to platinum metal centres, and preliminary 
investigations into the utilisation of these systems 	for 
monitoring 	alkali 	metal 	cation 	concentrations in 
solution. 
-15- 
Jg._1.2:PrirLciple macrocyclic ligands 
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CHAPTER 2 
Cu, Ni and Fe Complexes of 
[18JaneN 2 S 4 and Me2[l8JaneN2S4 
2.1: Introduction 
Transition metal centres are present at the 
active site of many enzymes 	which 	perform 	vital 
biological 	processes 	e.g. plastocyanin and azurin.(Cu), 
vitamin B 12 (Co), 	cytochromes 	(Fe) and 	hydrogenase 
16,18,19,23 enzymes 	(Ni) 	 . 	The need for simple metal 
complex models to assist our understanding of these 
systems provided the impetus for a study of the binding 
and redox properties of the 18-membered macrocycles, 
[18ianeN 2 S 4 and Me2[18]aneN2S4 with first row transition 
metals. The co-ordination chemistry of these macrocyclic 
ligands is of particular interest due to the 
incorporation of both hard and soft donor atoms in a 
co-ordinative.Iy restricted environment. 
Since the first synthesis of [18]aneN2S4 by Black 
and co-workers 4951, very little work has been reported 
on its metal complexation.. In their original report, 
Black and co-workers defined two possible conformations 
for a hexaderitate ligand in octahedral geometry (Fig. 
2.1): 
meso, in which two S-N-S donor sets each bind facially 
to the metal centre, or, 
racemic, where two S-N-S donor sets bind meridionally 
to the metal. 	 - 
- -'-' 
rac 	-17- 	meso 
Subsequently, Lindoy and Busch reported 	the 
synthesis of another mixed N 2 S 4 
 donor macrocycle, L 
(1) 52 They proposed that the incorporation of the 
aromatic conjugation in this ligand would necessitate 
each S-N-S portion to be planar, and thus preclude the 
formation of a meso-isomer on co-ordination in an 
octahedral field. 
as S : 
(1) 
A range of octahedral complexes incorporating the 
homoleptic hexathia rnacrocycle. 	[18}aneS 6 have 	been 
structurally 	characterised. 	Without 	exception, 	in 
[M(18IaneS6HX+ (M= 	Ru(II) 	
, 	Pd(III) 	Ni(II) 
56 	 57 
Cu(II) 	, Co(II) 	), 	the 	macrocycle 	adopts 	a 
meso-conformation, thereby maximising the number of 
gauche placements at the C-S bonds. No metal complexes 
incorporating {18]aneN 2 S 4 or Me 2 {18]aneN 2 S 4 have been 
structurally characterised previously. We therefore 
undertook a study of the co-ordination chemistry of these 
ligands with copper, nickel and iron centres. 
Ligand Synthesis 
The first preparation of [18]aneN 2 S 4 was achieved 
by 	reaction 	of 	equimolar 	amounts 	of 
OVIO 
1,5-dibromo--3-azapentane 	and 	the 	disodium salt of 
ethane-1,2-dithiol in ethanol. High dilution techniques 
were employed to encourage [2#2} cyclisation over linear 
polymerisation. This gave the free ligand as colourless 
49-51 
needles in 4.6% yield 	 An alternative synthesis 
59 
later reported by Lehn et al 	
, gives [18]aneN 2 S 4 in 45% 
yield, via high dilution cyclisation of 	the appropriate 
dithia-dicarboxylic 	acid 	dichloride 	and 	-diamine, 
followed by diborane reduction of the resulting diamide. 
The crystal structure of free [18]aneN 2 S 4 shows 
the molecule sitting on a crystallographic inversion 
centre, in a conformation resembling a figure-eight 60 
The torsion angles at all four C-N bonds adopt an 
anti-placement, while all eight C-S linkages are gauche. 
Interestingly, 	the molecule does not participate in any 
significant H-bonding, 	and the S atoms, unlike the 
homoleptic thioether macrocycles described in Chapter 6 
are neither exo- or endodentate. Rather, the C-S-C 
triangle is essentially perpendicular to the macrocycle 
plane. 
Me 2 [ 18 ]aneN 2 S 4 can 	be 	obtained 	in 	almost 
quantitative yield by methylation of [18JaneN 2 S 4 using 
formic acid/formaldehyde 
61  The reaction mechanism for 
methylation 	is 	a 	two-stage 	process 
62, 	involving 
1. initial 	attack 	by 	formaldehyde, 	followed 	by 
ii. reduction with formic acid (2). 
H'+>HN + HCOH 	>H20 + 	C H2._
II  >NCH3 (2) 
-19-- 
2.2: Results and Discussion 
2.2.1: 	[Cu([18]aneN 2 S 4 )J(PF 6 ) 2 
The 	paucity of low molecular weight models 
exhibiting similar spectral and redox properties 	to the 
blue copper proteins, has prompted a number of people to 
investigate the co-ordination of Cu(II) to polythioether 
macrocycles 63-68. Rorabacher and co-workers have 
demonstrated that Cu(II) thioether macrocyclic complexes 
exhibit an intense absorption band in the 600nm region, a 
feature characteristic of blue copper proteins 65-68 
Contrary to original proposals, the appearance of such 
spectral features for simple square planar and octahedral 
Cu(11) thioether complexes confirms that distortion from 
tetragonal symmetry is not a prime requirement for 
producing these absorption bands. Furthermore, many of 
the model systems studied exhibit Cu(II)/(I) redox 
couples 	close 	to 	the 	characteristically positive 
potentials observed in nature (+0.2 to +0.8V vs. SHE at 
pH 7) 69,70 
Treatment 	of 	Cu(NO 3 ) 2 .6H 2 0 	with one molar 
equivalent of {18]aneN2S4 in refluxing EtOH/H 2 0 produced 
a 	bright 	green solution. 	Addition of excess PF 6 
counterion yielded a green precipitate which was 
recrystallised from H 
2 
 0 to afford the product as green 
crystals. 
The I.R. spectrum of the product shows bands 
confirming the presence of co-ordinated [18]arieS 2 S 4 at 
3270 and 3160cm
-1 
 corresponding to N-H stretching 
-20- 
vibrations 	(u(N-H)), 	2920 and 	1420cm 1 due 	to C-H 
stretching vibrations and C-H deformations 	(u(C-FI) 	and 
6(C-H) respectively). 	Strong absorptions at 840 and 
555cm 1 are characteristic of PF 6 counterion. F.a.b. 
mass spectrometry reveals molecular ion peaks with the 
correct-i-sotopic- distributions at M= 535 and 389. These 
are 	assigned 	to 	[ 63 Cu([18]aneN 2 S 4 +H)PF 6 ] 	and 
[ 63 Cu([18]aneN 2 S 4 )] 	respectively. 	This, 	together with 
microanalytical 	data 	indicates 	the 	formulation 
[Cu([18]aneN2S4)](PF6)2. 	The 	UV/vis 	spectrum of 	the 
complex exhibits two intense charge-transfer transitions 
at A max = 395nm (e max
= 2,460M 1 cm
1
) 	and 302 (1,970). 	A 
weaker absorption at 	612 (202) 	can also be discerned, 
which is assigned tentatively to a d-d transition. 
The single crystal X-ray structure of 	the do 4 
salt of this 	complex-cation has been determined 	in 
collaboration with Dr Michael G.B. Drew (of the 
University of Reading) '. The structure shows the cation 
adopting an unusual tetragonally compressed 
stereochemistry. The Cu(I1) ion is bound to all six donor 




Single crystal structure 
of [Cu([18]aneN 2 S 4 )J 2 
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This contrasts with 	[Cu([18]aneS 6 )] 2 which exhibits a 
tetragonally 	elongated 	stereochemistry 	with 	a 
meso-conformation 56, 	while 	the X-ray structure of 
[Cu([ 9 ]aneS 3 ) 2 ] 2 shows the Cu(II) 	ion in an almost 
perfect 	octahedral 	geometry 	with 	each tridentate 
macrocycle 	binding 	facially 102 
	
The 	tetragonal 
compression 	in 	{Cu({18]aneN 2 S 4 )] 2 	occurs along the 
N-Cu-N axis [Cu-N= 2.007(13), 2.036(12)1] and results in 
the four equatorial S-donors being pushed away from the 
Cu centre due to the conformational rigidity of the 
macrocycle {Cu-S= 2.577(5), 2.487(5), 2.528(5), 
0 
2.578(5)A]. These Cu-S bond lengths are considerably 
longer than in related thioether crown complexes, .e.g. 
[Cu([ 18 JaneS 6 )] 2 [Cu_Seq= 2.323(1), 2.402(1)A, 
CU_Sap= 2.635(1)11 56, 
	
[Cu([9]aneS 3 ) 2 2 	[Cu-S= 2.419(3) 
to 2.459(3)A] 	, [Cu([14]aneS 4 )] 	[Cu-S= 2.297(1) 	to 
o 153 	 2+ 
2.308(1)A] 	and 	[Cu([ 15 ]aneS 5 )] 	[Cu-S= 2.289(2) to 
a207 
2.398(2)A] 	. 	The 	rac -configuration 	adopted 	by 
[Cu({18]aneN 2 S 4 )] 2 	reflects the preference for torsion 
angles incorporating secondary amine functions to adopt 
anti-placements, thus minimising 1,4-dipolar, 
interactions. 
2.2.2: [Cu(Me 2 [18]aneN 2 S 4 )](PF 6 ) 2 
	
Treatment of Cu(NO 3 ) 2 .6H 2 0 	with 	one 	molar 
equivalent of Me 2 [18]aneN 2 S 4 in refluxing EtOFI/11 2 0 gave a 
green solution. Addition of excess NH 4 PF 6 counterion 
afforded a green solid which was recrystallised from H 2 0. 
The I.R. spectrum of this product shows bands 
-22- 
assigned to C-H stretching vibrations, 	(u(C-H) 2920, 
2860cm 1 ) and C-H deformations (ö(C-H) 	1465, 	1435cm 1 ) 1  
as well as intense bands at 840 and 555cm 1 due to PF 6 
counterion. F.a.b. mass spectroscopy 	reveals molecular 
ion peaks at 
	
	563, 433 and 417 corresponding to 
[ 63 Cu([Me 2 [18JaneN 2 S 4 +H)PF 6 ] , 
[ 63 Cu (Me 2 [18] aneN 2 S 4 )H 2 0-2HI + and 
[ 63 Cu(Me 2 [18]aneN 2 S 4 )] 	respectively. This, together with 
microanalytical and tJV/vis spectral data, confirms the 
product to be [Cu(Me 2 [18]aneN 2 S 4 )}(PF 6 ) 2 . 
Interestingly, recrystallisation of this complex 
from EtOII/MeCN gives a near colourless solution, from 
which pale green crystals of 
[Cu 2 (Me 2 [18}anN 2 S 4 )(NCMe) 2 ](PF 6 ) 2 	can 	be 	isolated. The 
I.R. spectrum of this binuclear Cu(I) species is very 
similar to the mononuclear Cu(II) complex, except for the 
appearance of a sharp peak at 2280cm 1 indicative of 
co-ordinated MeCN. The complex is stable to aerial 
oxidation in MeCN at room temperature, reflecting the net 
it-acceptor properties of the thioether-donor set. A 
single crystal structure determination of this complex 
was undertaken to elucidate the stereochemistry at Cu(I). 
Binuclear Cu(I) complexes incorporating an N 2 S 2 
 donor set 
may be potential models for the blue copper proteins 
plastocyanin and azurin 23 
-23- 
2.2.3: Single Crystal Structure of 
CCU  (Me 2 [ 18] aneN 2 S 4 ) (NCMe) 	PF 6 ) 2 
Details of the structure solution are given in 
the Experimental Section. Lists of the relevant bond 
lengths, angles and torsions are presented in Tables 2.1, 
2.2 and 2.3 respectively, and an ORTEP plot showing the 
stereochemistry of the cation is presented in Fig. 2.3. 
The structure determination of this binuclear 
Cu(I) complex reveals a centrosymmetric structure with 
each Cu(I) centre bound tetrahedrally to two S-donors and 
one-N donor of the macrocycle {Cu-S(4)= 2.317(4), 
0 
Cu-S(1O)=2.286(4), 	Cu--N(7)=2.165(7)AI, 	and 	one 	MeCN 
molecule [Cu-N(1S)= 1.924(9)A]. The Cu ... Cu separation is 
4.283(2)A, ,  with each Cu(I) 	ion bound by an N 2 S 2 
 donor 
set, similar to that found in Type 1 copper proteins. 	A 
very similar structure has been determined previously by 
the Edinburgh group 
72  for CCU 2 ([18]àneS 6 )(NCMe) 2 2 , 
which shows NS  co-ordination to each Cu(I) centre. 
Fig.. 2.3:VieW of the single crystal 	 2+ 
structure of [Cu 2 (Me 2 1.18]afleN 2 S 4 )(NCMe)2 1 
12+ 
Single Crystal Structure of 
[Cu 2 (Me 2 [ 18] aneN 2 S 4 ) (NCMe) 2' PF6)2 
0 
Table 2.1: Selected Bond Lengths(A) with e.s.d.'s 
Cu(1) - 	 S(4) 2.317( 4) S(10) -. 	C(9) •1.807( 	8) 
Cu(l) -S(lO) 2.286(4) S(lO) -C(ll) 1.804(11) 
Cu(1) -N(7) 2.165(7) C(3D) --c(11) 1.487(15) 
Cu(l) -N(1S) 1.924(9) N(7) -C(7N) 1.437(14) 
S(4) - 	 C(3) 1.846(1) N(1S) -C(IS) 1.127(13) 
S(4) -C(5) 1.860(8) C(1S) -C(2S) 1.424(14) 
-25- 
Table 2.2: Selected Angles( °) with e.s.d.'s 
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Cu(1) - 	N(7) - 	C(8) 106.4( 5) 
Cu(1) -N(7) -C(6') 110.4(5) 
Cu(1) - 	N(7) -C(8') 108.9(  
Cu(i) -N(7) --C(7N) 113.2(6) 
C(6) - 	N(7) - 	C(8) 123.7(  
C(6) - 	N(7) -C(7N) 80.7( 6) 
C(8) - 	N(7) -C(7N) 130.1( 8) 
C(6') - 	N(7) -C(8') 117.5( 6) 
C(6!) -N(7) -C(7N) 116.5(7) 
C(8') - 	N(7) -C(7N) 88.9( 7) 
S(10) - 	C(9) - 	C(8) 114.3( 5) 
S(10) - 	C(9) --C(8') 113.7( 5) 
S(10) --C(11) -C(30) 110.1(7) 
Cu(1) -N(1S) -C(1S) 174.9(9) 
N(1S) -C(1S) -C(29) 177.4(11) 
-26- 
Table 2.3: Selected Torsion angles( °) with e.s.d.'s 
C(3) - 	 S(4) - - 	 C(6) -92.7( 6) 
C(5) - 	 C(6) - 	 N(7) -C(7N) 177.2( 7) 
C(3) - 	 S(4) - 	 C(5) -C(6') -145.4( 6) 
C(6) - 	 N(7) - 	 C(8) - 	 C(9). 162.0( 6) 
C(11) -S(10) - 	 C(9) - 	 C(8) -99.0( 6) 
C(7N) - 	 N(7) - 	 C(8) - 	 C(9) -90.2(10) 
C(11) -S(lO) - 	 C(9) -C(8') -148.3( 6) 
C(8') - 	 N(7) -C(6') - 	 C(5) -159.0(  
C(9) -S(10) -C(ll) -C(3D) -173.4(7) 
C(7N) - 	 N(7) -C(6') - 	 C(5) 97.4( 9) 
S(4D) -C(3D) -C(11) -S(10) -62.1(8) 
C(6') - 	 N(7) -C(8') - 	 C(9) 82.5( 8) 
S(4) - 	 C(5) - 	 C(6) - -N(7) -56.5(  
C(7N) - 	 N(7) -C(8') - 	 C(9) -157.9( 7) 
S(4) - 	 C(5) -C(6') - 	 N(7) 52.4( 8) 
N(7) - 	 C(8) - 	 C(9) -S(10) -45.1( 8) 
C(5) - 	 C(6) - 	 N(7) - 	 C(8) -50.4( 9) 
S(10) - 	 C(9) -C(8') - 	 N(7) 56.9( 7) 
-27- 
2.2.4: Electrochemical Study of 
	
[Cu([18]aneN 2 S 4 )I 2 	and [Cu(Me 2 [l8]aneN 2 S 4 )] 2 
We were interested to determine whether 
di-N-methylation would invoke a significant difference in 
the redox properties of the Cu(II) complexes, hence an 
electrochemical 	study 	of 	[Cu([18]aneN 2 S 4 )1 2 	and 
[Cu(Me 2 [l8]aneN 2 S 4 )} 2 	was initiated. 
The cyclic 	voltammograrn of 	[Cu([1 8 ]aueN 2 S 4 )] 2 
measured in MeCN (O.1M NBu 1 4 PF 6 supporting electrolyte) 
at platinum electrodes reveals a reversible Cu(II)/(I) 
redox couple at E 112 = -O.31V vs. Fc/Fc (E= 80mV at a 
scan rate of lOOmVs ). In contrast, the di-methylated 
complex, 	[Cu(Me 2 {l8]aneN 2 S 4 )1 2 , 	exhibits 	a reversible 
Cu(II)/(I) couple at E 112 : +O.06V vs. Fc/Fc 	(E= lOOmV 
at a scan rate of lOmVs 	). Coulometric measurements on 
both complexes 	in MeCN 	(O.IM 	NBUn4PF6 	supporting 
electrolyte) at a platinum basket confirm that each of 
these processes corresponds to a one--electron reduction, 
generating a colourless solution. The reduction products 
are e.s.r silent, consistent with the formation of d 1° 
Cu(I) complexes. The large difference in Cu(If)/(I) 
couples for [Cu([l8]aneN 2 S 4 )] 2 and [CuMe 2 E1l8ianeN 2 S 4 )] 2 
is remarkable considering that the complexes differ only 
in the degree of alkylation of the macrocyclic 
aza-functions, with N-H being replaced by N-Me. 
Furthermore, methylation of N-donors would be expected to 
stabilise the higher Cu(II) oxidation state, rather than 
IMIN 
Cu(I). These results suggest that the stereochemistry at 
the Cu(II) centre in [Cu(Me 2 [18]aneN 2 S 4 )] 2 may be 
substantially different from the non-methylated species. 
Molecular 	mechanics 	calculations 	on 




	These 	involve 	computer-simulated 
replacement of the N-H protons by methyl groups in the 
structure obtained for 	1Cu([18]aneN 2 S 4 2 )i 	. 	Several 
unfavourable steric interactions became apparent at the 
co-ordinated N-donors. This strain could be partially 
0 
relieved by an increase of the Cu-N bond length to 2.12A. 
In order to assess any structural differences between the 
two Cu(II) complexes a single crystal structure 
determination of [CuMe2[l8]aneN2S4)]2 was undertaken. 
2.2.5: Single Crystal Structure of 
[ Cu (Me 2 [ 18] aneN 2 S 4  ) ] ( PF 6 
Details of the structure solution and refinement 
are given in the Experimental Section. Bond lengths are 
listed in Table 2.4. bond angles in Table 2.5 and torsion 
angles in Table 2.6. Two ORTEP plots illustrating the 
geometry of the cation are presented in Figs. 2.4 and 
2.5. 
The structure shows the cation disordered on a 
site of D 3 symmetry, the 1/3 occupied N-Me function 
being superimposed on the 2/3 occupied S. Thus, the 
Cu(II) 	ion 	is co-ordinated to all six macrocyclic donor 
atoms 	in 	a 	distorted 	octahedral 	environment, 
-29- 
[Cu-S= 2.496(5), 	Cu--N= 2.191(17)]. 	Notwithstanding the 
disorder identified, the cation is clearly a meso-isomer. 
Furthermore the evidence from the X-ray study strongly 
suggests that the stereochemistry around the Cu(II) ion 
is tetragonally elongated along the N-C-N axis. This 
geometry is fully consistent with the observed redox 
properties, since it allows a closer interaction between 
the metal centre and the four soft sulphur-donor atoms 
compared to its non-methylated analogue, thus providing 
greater stability of the Cu(I) species. 
Interestingly, 	the hexathia Cu(II) 	analogue, 
2'- 
[Cu([18]aneS 6 )} 	, 	shows 	a 	reversible 	one-electron 
reduction to the tetrahedral [Cu([18]aneS6)} 	cation at 
the even more anod ic potential of +0.24V2  vs. Fc/Fc+ 56 
reflecting the net it-acidity of six thioetherdonors. The 
reversibility of each of these Cu(Il)/(I) redox couples 




Fig. 2.4:VieW of the single crystal. 2+ 
structure of jCu(Me 2 l8IIafleN 2 S 4  ) 1 
Fig. 2.5:Alternative view of the s-ingle 	 2 
crystal structure of [6u(Me 2 [18IafleN 2 S 4 )I 
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Single Crystal Structure of 
[Cu (Me 2 [ 18] aneN 2 S 4 ) I (PF 6 ) 
Table 2.4: Selected Bond Lengths(A) with e.s.d.s 
	
Cu - S 	2.496( 5) 
Cu - N 	2.191(17) 
C - C 	1.427(11) 
S - C 	1.759(10) 
N - C 	1.564(19) 
N - Me 	1.42 ( 4) 
Table 2.5: 	Selected Angles( °) with e.s.d.'s 
S 	- 	Cu- S 	89.79( 	2) S 	- 	C - 	 C 124.7( 	6) 
S 	- ,Cu- N 	78.4 	( 	5) C 	- 	S - 	 C 99.8( 	4) 
C 	- 	N 	- C 	118.8 	(11) C 	- 	N - Me 94.7(17) 
Table 2.6: Selected Torsion Angles( 
0
) with e.s.d.s 
C - S - C - C 	-78.1( 8) 
S - C - C - S 	-32.5(11) 
S - C - C - N 	43.2(11) 
C - C - N - C 	106.6(12) 
-32- 
2.2.6: 	[i([18]aneN 2 S 4 ) ] (PF 6 ) 
Treatment 	of 	Ni(NO 3 ) 2 .6K 2 0 	with one molar 
equivalent of [18]aneN 2 S 4 in refluxing EtOH/H 2 0 affords a 
bright purple solution. Addition of excess NH 4 PF 6 and 
recrystallisation from H 2 0 led to the isolation of purple 
crystals. 
The f.a.b. 	mass spectrum shows molecular ion 
peaks at M 	529 and 383. These are 	assigned 	to 
[ 58 Ni((l81aneN 2 S 4 )PF 6 I and [ 58 Ni([1 8 ]aneN 2 S 4 - H)] 
respectively. The product was assigned the formulation 
[Ni([18]aneN 2 S 4 )](PF 6 ) 2 on the basis of this evidence 
together with inicroanalytical and I.R. spectroscopic 
data. 
In 	view 	of 	the 	paucity 	of structurally 
characterised complexes incorporating [18JaneN 2 S 4 , and in 
order to confirm the stereochemistry at Ni(lI), a single 
crystal structure determination was undertaken. 
2.2.7: Single Crystal Structure of 
(Ni( 1 8]aneN 2 S 4 )](PF 6 ) 2 . 1 / 3 H 2 0 
Details 	of 	the 	structure 	solution are 	given in 
the 	Experimental 	Section. 	Selected bond lengths, angles 
and 	torsions 	are 	listed 	in 	Tables 2.7, 	2.3 and 2.9 
respectively. 	An ORTEP 	plot 	revealing the geometry of the 
cation 	is 	presented 	in 	Fig. 	2.6. 
The 	structure 	shows 	Ni(II) binding to an 
octahedral 	arrangement 	of 	all 	six donor 	atoms of the 
-33- 
macrocycle, 	(Ni-S(1)= 2.407(5), 	Ni-S(4)= 2.430(5), 
Ni-S(10)= 2.403(6), 	 Ni-S(13)= 2.416(7), 
0 
Ni-N(7)= 2.126(13) and Ni-N(16)= 2.065(13)A]. These 	Ni-S 
bond lengths accord well with the sum of the covalent 
2+ 	 2- 	0 42 radii 	of 	Ni and S (2.44A) 	. 	Like 	the 	Cu(II) 
analogue discussed above, 	the complex cation adopts a 
rac-configuration, 	with 	S(4)-N(7)-S(l0) 	and 
S(1)-N(16)-S(13) 	binding 	meridionally 	to 	the metal 
centre. 
By contrast, the single crystal structure of 
2+ 
[Ni([18]aneS 6 )i 	adopts 	a meso-configuration, 	with 
compressed Ni-S bond lengths ranging from 2.376(1) 	to 
055 
2.397(1)A 	. 	A similar compression is observed in the 
related bis-macrocyclic species, [Ni([ 9 ]aneS 3 ) 2 ] 2, where 
each ligand binds facially to Ni(LI) 	{Ni-S range 	from 
0 55 
2.377(1) to 2.400(1)A] 	. Interestingly, however, NHII) 
co-ordinates to 	[24JaneS6 to give the rac-isomer, with 
all Ni-S bond lengths in the range 2.415(1) to 2.445(1), 
58 
i.e. uncompressed 	. The meridional 	stereochemistry in 
this 	large ring complex results 	in only eight out of 
twelve C-S bonds adopting gauche 	placements. 	These 
results suggest that in [Ni([ 18 ]aneS 6 2 )} 	the importance 
of gauche placement of C-S linkages over-rides 	the 
energetically unfavourable compression of Ni-S bonds, 
while with [24]aneS 6 the reverse is true, probably since 
the remaining S lone-pairs interact to a lesser extent in 
the larger ring macrocycle. 
Unlike 	[Ni([18]aneS 6 )] 2 , 	which 	is 
-34- 
centrosymmetric, (Ni([1 8 ]aneN 2 S 4 )] 2 shows a tetrahedral 
distortion 	out 	of 	the least-squares S(l), S(4), S(lO), 
S(13) co-ordination plane, 	with S(l) 	and S(13) 	lying 
above by +0.2268 and -1-02253 	respectively, and S(4) and 
S(10) lying below by -0.2238 and -0.2283 	respectively. 
This distortion is a result of the small bite angle of 
the S 	N 	S portions. 
Iz+ 
Fig 	2.6:View of the single crystal 
structure of 	Ni([1 8 ]afleN 9 S 4 )I 
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Single Crystal Structure of 
[Ni ( [18]aneN 2 S 4 )] (PF 6 ) 2 . 1/3H 2 0 
0 
Table 2.7: Selected Bond Lengths(A) with e.s.d.'s 
Ni(1) - S(1) 
Ni(l) - S(4) 
Ni(1) -S(10) 
Ni(l) -S(13) 
N i ( 1 ) - N(7) 
Ni(1) -N(16) 
S(1) - C(2) 
S(l) -C(l8) 
S(4) - C(3) 
S(4) - C(5) 
S(10) - C(9) 
S(10) -C(ll) 
S(13) -C(12) 















N(7) -C(6) 1.488(21) 
N(7) -C(8) 1.408(23) 
N(16) -C(15) 1.500(20) 
N(16) -C(15') 1.500(20) 
N(16) -C(17) 1.500(18) 
N(16) -C(17') 1.500(19) 
C(2) -C(3) 1.45( 	3) 
C(S) -C(6) 1.51( 	3) 
C(8) -C(9) 1.54(3) 
C(11) -C(12) 1.50(3) 
C(14) -C(15) 1.500(20) 
C(14) -C(15') 1.500(20) 
C(17) -C(18) 1.500(17) 
C(17')-C(18) 1.500(18) 
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Table 2.8: Selected Angles( °) with e.s.d.'s 
S(1)-Ni(l)-S(4) 87.81(18) C(12) -S(13) -C(14) 103.2(9) 
S(l)-Ni(1)-S(10) 92.91(19) Ni(l) -N(7) -C(6) 110.0(10) 
S(1)-Ni(1)-S(13) 170.39(21) Ni(1) -N(7) -C(8) 113.3(10) 
S(1)-Ni(1)-N(7) 94.0(4) C(6) - 	N(7) - 	C(8) 111.4(13) 
S(1)-Ni(1)-N(16) 85.4(4) Ni(1) -N(16) -C(15) 111.6(9) 
S(4)-Ni(l)-S(l0) 168.05(20) Ni(1) -N(16) -C(15') 108.1(9) 
S(4)-Ni(1)-S(13) 93.90(20) Ni(1) -N(16) -C(17) 110.1(9) 
S(4)-Ni(1)--N(7) 83.6(4) Ni(1) -N(16) -C(17') 108.5(9) 
S(4)-Ni(1)-N(16) 94.8(4) C(15) -N(16) -C(17) 138.2(12) 
S(10)-Ni(1)-S(13) 87.37(21) C(15')-N(16) -C(17) 143.3(12) 
S(10)-Ni(l)- 	N(7) 84.4(4) S(1) -C(2) -C(3) 117.2(14) 
S(10)-Ni(1)-N(16) 97.2(4) S(4) - 	C(3) - 	C(2) 115.5(13) 
S(13)-Ni(l)- 	N(7). 95.6(4) S(4)  -C(6) 111.3(12) 
S(13)-Ni(1)-N(16) 85.0(4) N(7)  -C(5) 110.4(14) 
N(7)-Ni(l)-N(16) 178.3(5) N(7) -C(8) -C(9) 112.7(15) 
Ni(l)- 	S(l)- 	C(2) 101.8( 6) S(10) - 	C(9) - 	C(8) 110.9(12) 
Ni(1)-S(1)-C(18) 96.1(4) S(10) -c(11) -C(12) 115.1(16) 
C(2)-S(1)-C(18) 103.6(7) S(13) -C(12) -C(11) 115.7(17) 
Ni(1)-S(4)-C(3) 101.2(6) S(13) -C(14) -C(15) 109.8(10) 
Ni(1)-S(4)-C(5) 97.7(6) S(13)  -C(15') 109.8(10) 
C(3)-S(4)-C(5) 101.5(8) N(16)  -C(14) 109.6(12) 
Ni(l)-S(10)- 	C(q) 97.5(6) N(16) -C(15')-C(14) 109.5(12) 
Ni(1)-S(10)-C(11) 103.8(7) N(16) -C(17) -C(18) 109.6(10) 
C(9)-S(10)-C(11) 102.8(9) N(16) -C(17')-C(18) 109.5(11) 
Ni(1)-S(13)-C(12) 103.6(8) S(1) -C(18) -C(17) 109.8(8) 
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Table 2.9: Selected Torsion angles( 
0
) with e.s.d.'s 
C(18) - 5(l) - C(2) - C(3) 
C(17) -N(16) -C(15) -C(14) 
C(2) -S(l) -C(18) -C(17) 
C(17')-N(16)  -C(15')-C(14) 
C(2) -S(l) -C(18) -C(17' 
C(15) -N(16) -C(17) -C(18) 
C(5) - S(4) - C(3) - C(2) 
C(15')-N(16)  -C(17)-C(18) 
C(3) - S(4) - C(5) - C(6) 
S(1) - C(2) - C(3) 	S(4) 
-S(10) - C(9) - C(8) 
S(4) - C(5) - C(6) - N(7) 
C(9) -S(10) -C(11) -C(12) 
N(7) - C(8) - C(9) -S(10) 
C(14) -S(13) -C(12) -C(ll) 
S(10) -C(11) -C(12) -S(13) 
-S(13) -C(14) -C(15) 
S(13) -C(14) -C(15) -N(16) 
C(12) -S(13) -C(14) -C(15' 
S(13) -C(14) -C(15')-N(16) 
C(8) - N(7) - C(6) - C(5) 
N(16)-C(17)--C(18) -S(1) 
C(6) - N(7) - C(8) - C(9) 























- 174 . 2 ( 14) 
58.3(12) 
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2.2.8: 	[Ni(Me 2 [1 8 ]aneN 2 S 4 )}(PF 6 ) 2 
[Ni(Me 2 [18]aneN 2 S 4 )](PF 6 ) 2 	was 	prepared 	using the 
same method 	as 	for 	the 	non-methylated 	analogue, and 
isolated 	as 	a 	blue 	solid. 
The 	f.a.b. 	mass 	spectrum 	of 	this 	product shows 
peaks 	with 	the 	correct 	isotopic 	distributions 	at 	M= 557, 
431 	and 	412, 	which 	are 	assigned 	to 
[ 58 Ni (Me 2 [18]aneN 2 S 4 )PF 6 ] 	, 
[ 58 Ni (Me 2 (181 aneN 2 S 4 )H 2 
 O+H] 	and 
[ 58 Ni(Me 2 [ 18 ]aneN 2 S 4 )] 	respectively. 
Microanalytical 	and 	I.R. 	spectroscopic 	data 	are also 
consistent with 	the 	above 	formulation. 
2.2.9: Electronic Spectra 
The 	UV/vis 	spectrum 	of 	(Ni([18aneN 2 S 4 )] 2 
reveals, in addition to two intense charge-transfer 
bands, two much weaker d-d transitions at A max = 824nm 
(e 
max = 
68M 1 cm 1 ) and 546 (68). -The di-methylated 
complex, 	[Ni(Me 2 (18JaneN 2 S 4 )] 2, 	also shows two intense 
charge-transfer bands and two d-d bands at 903 (59) and 
574 (53). 	For a d 8 transition metal in an octahedral 
field, three d-d transitions are predicted. 	The highest 
energy transition, corresponding to 3 A 2 ) 3 T 1 , is 
probably obscured beneath the intense charge-transfer 
bands. The lowest energy transition corresponds to 
3 A 2g 3 T 2g= lODq. This enables a comparison of ligand 
field splitting parameters for a series of nitrogen and 
sulphur-donor macrocycles in an octahedral field (Table 
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2.10). As expected, the ligand field exerted on Ni(II) by 
[18]aneN 2 S 4 is intermediate between that of the related 
18-membered ring homoleptic 	hexa-aza 	and 	hexathia 
systems, and higher than that of its di-methylated 
analogue, reflecting the weaker ligand field exerted by 
tertiary aza-functions over secondary '. Furthermore, the 
intensities of the d-d transitions in {Ni({l8]aneN 2 S 4 )] 
and  [Ni(Me 2 (18JaneN 2 S 4 )] 2 are higher than for any of the 
homoleptic 	systems, 	particularly 	those 	which are 
rigorously centrosymmetric, reflecting the lower symmetry 
imposed by the incorporation of mixed donors. 
-4 
Table 2.10: Electronic Spectral Data for Octahedral Ni(11) 
N- and S-Donor Macrocycl.ic Complexes 
Complex A max  (6 max) 	1ODq 	 Ref. 
-1 	-1' 	-1 
(nm) (M 	cm 	) (cm 
[Ni([9]aneN 3 ) 2 ] 2 816 (107) 12500 74 
549 ( 	 97) 
[Ni([18]aneN 6 )] 2 893 ( 	 21) 11200 75 
552 ( 	 64) 
[Ni(118]aneN2S4)]2 824 ( 	 21) 12135 this work 
546 ( 	 68) 
[Ni(Me2[18]aneN2S4)J2 903 ( 	 59) 11075 this work 
574 ( 	 53) 
[Ni([9]aneS 3 ) 2 ] 2 790 ( 	 30) 12755 99 
530 ( 	 30) 
[Ni((12IaueS3)21 2+ 890 25) 11240 76 
570 ( 	 34) 
[Ni([18]aneS 6 )j 2 815 ( 	 25) 12290 58 
520 ( 	 27) 
[Ni([24]aneS6)12 905 (100) 11050 58 
590 ( 	 70) 
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2.2.10: Electrochemical Study of 
[Ni([18]aneN 2 S 4 1 2' and [Ni(Me 2 [18ianeN 2 S 4 )] 2 
Cyclic voltammetry of [Ni([ 18 ]aneN 2 S 4 )](PF 6 ) 2 
measured in MeCN (0.1M NBu' 4 PF 6 supporting electrolyte) 
at platinum electrodes reveals two chemically reversible 
redox processes at E 112 = +O.98V (Fig. 2.7) and -1.51V vs. 
Fc/Fc (Fig. 2.8). The former process is assigned to a 
one-electron oxidation generating 	the 	corresponding 
Ni(III) species, on the grounds that a 1:1 peak-to-peak 
ratio is obtained upon addition of an equimolar quantity 
of ferrocene. However. coulometric measurements 
performed to confirm the nature of this oxidative process 
consistently gave n> 1-electron, and provided clear 
evidence 	for 	some subsequent process occurring in 
solution. We therefore suggest that generation of the 
Ni(IIl) 	complex 	is 	followed 	by 	either 	ligand 
deprotonation at an N-H function, or alternatively, 	a 
process 	similar 	to 	that 	observed 	recently 	in 
[Rh([9]aneS 3 ) 3 ] 3 	This 	Rh(III) 	complex 	readily 
undergoes deprotonation at a C-Il function, which is 
accompanied by C-S bond cleavage yielding the 2+ cation, 
[Rh([9]aneS3)([9]aneS3-R)12, incorporating a vinyl 
function (chapter 3). 
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OA 
Oxidative cyclic voltanuruogram of 
INI((.iBIIatu(!N2S4)12 	(MeCN/O.IM NBu ° 4 PF 6 ) 
Ni(JI)/(1) 
00 	-0'5 	-i.b 	45 	-2.0 vs Fc/Fc 
y. 	cyclic voltamnuogram of 
(Ni([18]afleN2S4)12 	(MeCN/O.IM NBu 4 PF 6 ) 
N 1(11)1(111) 
I 	 I 
00 +0•5 	 vs Fc/Fc 
Controlled 	potential 	electrolysis 	of 
[Ni([18]aneN 2 S 4 )] 2 	at +1.15V in MeCN at a platinum 
basket generates a deep red 	paramagnetic 	solution 
initially. The e.s.r. spectrum (Fig. 2.9) of this product 
(measured at 77K as an MeCN glass) 	shows a strong 
anisotropic signal with g 1 = 2.129, g 2 = 2.104, 	g3= 2.027, 





A very similar spectrum is obtained by chemical oxidation 
using 60% HCIO 4 , giving g 1 = 2.108. g 2 = 2.071, g 3 = 2.037. 
The enhanced stability of this (Ni([l 8 ]aneN 2 S 4 3 )] in 
acidic media is consistent with the proposed occurrence 
of a deprotonation process during e1ectrochemical 
oxidation. 
The latter redox process is attributed to a 
Ni(I1)/(I) couple. However, no stable Ni(I) species could 
be detected during bulk electrolysis. This may be due to 
the highly cathodic reduction potential. 
The 	related 	bis-trithia 	system, 
{Ni([9]aneS 3 ) 2 ] 2 , shows a reversible Ni(ll)/(III) couple 
at 	 +0.97V vs. 	Fc/Fc 
98 	
A 	quasi-reversible 
'Ii(1I)/(l) couple is also 	apparent 	at 	 -l.11V vs. 
Fc/Fc 	at -2
0 C. This reduction potential is more anodic 
compared to [Ni([18]aneN 2 S 4 )] 2 , 	reflecting the softer 
hexathia donor set. 
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yl 
S 4 )] 3 
The 	 cyclic 	 voltammogram 	 of 
{Ni(Me 2 [18]aneN 2 S 4 )](PF 6 ) 2 measured 	under 	the 	same 
conditions as above exhibits a reversible reduction at 
-1.13V vs. Fc/Fc (tE= 70mV at' a scan rate of 
100mVs 1 ). Coulometric measurements performed in MeCN at 
-1.3V, 298K gave n= 1.08 electrons, suggesting that this 
corresponds to a Ni(II)/(I) redox couple. No oxidative 
process could be clearly discerned in the range of the 
solvent 	(up to +2.OV). The more anodic Ni(II)/(I) couple 
for the di-methylated compared to [Ni([18]aneN 2 S 4 )] 2 	is 
in accord with results obtained for the Cu analogues, 
where the Cu(II)/(I) redox couple is also more accessible 
for the di-methylated complex. This suggests that that 
the complexes have similar stereochemical 
characteristics. In order to confirm the stereochemistry 
of [Ni(Me 2 [l8]aneN 2 S 4 )} 2 a single crystal structure 
determination was undertaken.' 
2.2.11: Single Crystal Structure of 
[Ni(Me 2 (l8JaneN 2 S 4 )}(PF 6 ) 2 
Details of the X-ray structural analysis are 
given in the Experimental Section. Unfortunately, the 
diffraction data collected showed crystallographically 
imposed 3-fold symmetry, suggesting severe disorder of 
the macrocyclic S and N-Me functions, 	as 	identified 
previously in 	[Cu(Me 2 [ 1 8]aneN 2 S 4 )](PF 6 ) 2 (2.2.6). In the 
Ni(II) 	complex, 	however, 	the quality of the data was 
poorer. with the result that full structure solution and 
refinement was not possible. 
The 	X-ray 	structure 	determination 	on 
[Ni(Me 2 [18]aneN 2 S 4 )J(PF 6 ) 2 shows 	that 	this 	complex 
crystallises with very similar diffraction symmetry to 
its Cu(II) analogue 	m1 	
Furthermore, 	the unit cell 
parameters are very similar. 	This evidence strongly 
suggests that the 	two 	complexes 	exhibit 	similar 
stereochemistries. Thus, Ni(lI) is also co-ordinated to 
an octahedral arrangement of all six macrocyclic donor 
atoms, with the complex probably adopting a 





Fg.2.10:Proposed structure of [Ni(Me 2 [l8]anN 2 S 4 )] 2 
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2.2. l2 [Fe([l8]aneN 2 S 4 )](BPh 4 ) 2 
Treatment of FeC1 2 .4H 2 0 with one molar equivalent 
of [18laneN 2 S 4 in refluxing dry, degassed MeCN for lh 
afforded a deep blue precipitate. After cooling, this 
solid was collected, washed with MeCN and diethyl ether, 
and dried in vacuo. 
The I.R. spectrum of this complex shows a band at 
3130cm 1 corresponding to an N-H stretching vibration 
(v(N-H)). Other bands observed are indicative of the 
presence of co-ordinated macrocycle, with the exception 
of a strong peak at 280cm 1 , which is assigned to a Fe-Cl 
stretching vibration (u(Fe-Cl)). The f.a.b. mass spectrum 
shows molecular ion peaks at M-' 417 and 382, which are 
assigned to [ 56 Fe([18]aneN 2 S 4 )C1] and 
[ 56 Fe([1 8 ]aneN 2 S 4 - R)j 	respectively. 	These data indicate 
the formulation [Fe([18]aneN 2 S 4 )C1 2 1. 
Metathesis of this dichioro-species with NaBPh 4 , 
yielded. the 	complex 	[Fe({18]aneN 2 S 4 )](BPh 4 ) 2 as a blue 
solid. 	Recrystallisation from MeCN/H 2 0 afforded blue 
crystals as well as some decomposition product.. 
There is no evidence for co-ordinated Cl in the 
I.R. spectrum of this product. F.a.b. 	mass 	spectroscopy 
reveals a molecular ion peak at 	381, corresponding to 
5 Fe([18]aneN 2 S 4 - H)]. 	Both 	the 	{Fe([l8]aneN 2 S 4 )] 2 [  
cation and the dichloride salt readily hydrolyse in 
solution. For this reason we were unable to obtain good 
microanalytical data for either of these species. 
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2.2.13:Single Crystal Structure of 
[Fe([18]aneN 2 S 4 )](BPh 4 ) 2 .2MeCN.1/2MeOH 
The single crystal structure of this complex was 
determined in order to elucidate the stereochemistry and 
macrocyclic conformation adopted around Fe(lI). 
Details of the structure solution are given in 
the Experimental Section. Selected bond lengths, angles 
and torsions are listed in Tables 2.11, 2.12 and 2.13 
respectively. An ORTEP plot showing the geometry of the 
cation is presented in Fig. 2.11. 
The structure confirms a rac-configuration for 
(Fe([18]aneN 2 S 4 )] 2 , with all six macrocyclic donor atoms 
bound to the Fe(II) centre [Fe-S(l) 2.2674(15), Fe-S(4)= 
2.2673(16), 	Fe-S(10)= 	2.2578(17), Fe-S(l3)=2.2588(16), 
0 
Fe-N(7)= 	2.037(5), 	Fe-N(16)= 	2.022(4)4]. 	The 	overall 
stereochemistry of the cation, therefore, is very similar 
to 	that observed for Ni([18]aneN2S4)]2, and confirms a 
preference for this macrocycle to adopt a 
rac-configuration. A significant tetrahedral distortion 
of the sulphur-donor atoms out of the least-squares S(1), 
S(4), S(10), S(13) plane is evident, with S(l) and S(13) 
0 
lying 	above 	the 	plane 	by 	+0.1372 and +0.13874 
respectively, and S(4) and S(10) lying below the plane by 
0 
-0.1368 and -0.13914 respectively. The magnitude of the 
distortion is 	less than that of the Ni(II) analogue, 
presumably reflecting the smaller 	ionic radius of 	low 
80 
spin Fe(II) over Ni(IT) (0.75 and 0.83A respectively 	). 
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12-j- 
.2.11:View of the single crystal 	2 
structure of IFe(j18Jan(!N 2 S 4 )1 
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Single Crystal Structure of 
[Fe([18]aneN 2 S 4 )](BPh 4 ) 2 .2MeCN.1/2MeOH 
Table 2.11: Selected Bond Lengths(2) with e.s.d.ts 
Fe(1) - 	 S(1) 
Fe(l) - 	 S(4) 




S(1) - 	 C(2) 
S(1) -C(18) 
C ( 2 ) - 	 C(3) 
C ( 3 ) - 	 S(4) 
S(4) - 	 C(5) 













C(6) - N(7) 
















































































































Table 2.12: Selected Angles( °) with e.s.d.'s 
S(l)-Fe(l) - S(4) 














Fe(l)- S(1) - C(2) 
Fe(1)-S(l) -C(18) 
C(2)- S(1) -C(18) 
S(1)- c(2) - C(3) 
C(3) - S(4) 
Fe(1)- S(4) - C(3) 
Fe(1)-- S(4) - C(5) 

























Table 2.13: Selected Torsion Angles( 
0
) with e.s.d.'s 
C(18) - S(1) 
- C(9) 
C(2) - S(1) 
-S(lO) 
S(1) - C(2) 
S(10) -C(11) 
C ( 2 ) - C(3) 
-C(12) 
C ( 3 ) - S(4) 
-S(13) 
S(4) - C(S) 
S(13) -C(14) 
C ( 5 ) - C(6) 
-C(15) 
C ( 6 ) - N(7) 
-N(16) 











-c ( 14 ) 
- C(6) 













































The mixed N 
2 S 4 
 donor macrocycles, [18]aneN 2 S 4 and 
Me 2 [ 18 ]aneN 2 S 4 , can readily encapsulate a series of first 
row transition metal ions, (Cu(II), Ni(II) and Fe(lI)), 
in an octahedral field.. [18]aneN2S4 exhibits a clear 
preference for the chiral (+) racemic-configuration in 
which two S-N-S donor sets bind meridional.].y to the 
central- metal. In contrast, octahedral Cu(II) and Ni(II) 
complexes incorporating the di-N-methylated analogue, 
Me 2 [18]aneN 2 S 4 prefer to adopt a meso-configuration 
involving facial co-ordination of two S-N-S donor sets to 
the metal centre. These represent the first structurally 
characterised complexes of these ligands. [18]aneN 2 S 4 
stabilises NI. in the +1. +2 and +3 oxidation states and 
Cu in the +1 and +2 states. The low-valent (+1) species 
can be stabilised further by di-N-methylation of the 
macrocycle. This stabilisation is attributed to the 
difference in stereochemistry between the parent M(II) 
complexes. 
These complexes may therefore be potentially 
useful models for biological systems. Indeed, the crystal 
structure of a stable binuclear Cu(I) complex, 
[Cu 2 (Me 2 [18]aneN 2 S 4 )(NCMe) 2 ] 2' , shows Cu(I) bound 
tetrahedrally to an N 2 S 2 
 donor set similar to that found 
in Type 1 blue copper proteins. 
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2.4: Experimental 
2.4.1: Methy1ation of [18]aneN2S4 61 
[18]aneN 2 S 4 (100mg, 0.306mmol) was heated for 24h 
at 96 ° C in 98% formic acid (1.5m1)/formaldehyde (4ml) 
under N 2 . On cooling to room temperature, 15% NaOH 
(8.5m1) was added giving pH= 10. Extracting with CHC1 3 
(8x5m1), 	drying 	(MgSO 4 ), 	removal 	of 	solvent 	and 
recrystal.lisation 	from 	CIIC1 3 /hexane gave colourless 
needles 	(Yield: 87mg, 80%). 	Mol. wt. 354.64. 	Elemental 
analysis: 	found 	C= 42.6, 	11= 8.68, N= 7.00%; calculated 
for [C 14 H 30 N 2 S 4 1.2H 2 0: C= 43.0, H= 8.77, N= 7.17%. F.a.b. 
mass spectrum (3-NOBA matrix): found M= 355; 	calculated 
for 	[C 14 H 30 N 2 S 4 1 	M= 354. 1  H n.m.r. spectrum (80.13MHz, 
COd 3 , 298K): 5= 2.76 (s, NC II  8H), 2.63 (s, SCH 2 , 16H). 
2.25ppm (s, CH 
3' 
 6H). 13 C DEPT n.m.r. spectrum (50.32MHz, 
CDC1 3 , 298K): 5= 57.20 (NcH 2 ) , 42.30 (Cl 3 ), 32.27 and 
29.73ppm (2xSCH 2 ) 
2.4.2: [Cu([18]aneN 2 S 4 )](PF 6 ) 2 
	
Cu(NO 3 ) 2 .6H 2 0 	(36mg. 0.123mmol.) 	was 	added to a 
refluxing solution of 	[18JaneN2S4 	(40mg, 0.123mmol) 	in 
EtOH/H 2 0 	(1:1 v.v. , 40m1) . 	The resulting mixture was 
refluxed for lh under N 2 yielding a bright 	green 
solution. 	Addition 	of excess NH 4 PF 6 gave a green 
precipitate which was 	recrystallised 	from 	aqueous 
solution 	to give green crystals 	(Yield: 70mg, 84%). 
Mci. wt. 680.055. 	Elemental 	analysis: 	found 	C= 20.5, 
11= 3.84, 	N= 4.05, 	S= 19.1%; 	calculated 	for 
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1C 12 H 26 N 2 S 4 Cu](PF 6 ) 2 : 	C= 21.2, 	Hr 3.85, 	N= 4.12, 
Sr 18.9%. 	F.a.b. 	mass 	spectrum 	(3-NOBA matrix): found 
M= 535, 389; calculated for 
[ 63 Cu([18]aneN 2 S 4 )PF 6 ] 	 M= 534, 
[ 63 Cu({18]aneN 2 S 4 )] 	 M= 389. 
UV/vis spectrum 	(MeCN) : A max = 612nm 	(6 max = 202M cm 1) 
395 (2,460), 	302 (1,970). 	I.R. 	spectrum 	(KBr 	disc): 
3270m, 3160w, 2920w, 2840w, 1465m. 1425m, 	1410m, 	1320w, 
1300w, 	1280w, 	1260w, 	1090w, 1070m, 1020w, 1000w, 970m, 
840vs, 780w, 740w, 640w, 555vs, 445w cm 
2.4.3: [Cu(Me 2 {18]aneN 2 S 4 )](PF 6 ) 2 
Method as for 2.4.2 	above, 	using 	Cu(NO 3 ) 2 .6F1 2 0 
(34mg, 0.113mmol) 	and 	Me 2 {l8laneN 2 S 4 (40mg, 0.113mmol). 
The product was isolated as 	deep 	green 	crystals 
(Yield: 70mg, 84%). 	Mol. wt. 708.11. Elemental analysis: 
found Cr 24.0, H= 4.28, N= 3.97, Sr 16.9%; calculated for 
C 14 H 30 N 2 S 4 Cu](PF 6 ) 2 : 	Cr 23.8. 	11= 4.27, 	N= 3.96, 
S= 18.1%. 	F.a.b. 	mass 	spectrum 	(3-NOBA ma-trix): found 
M 	563, 433 and 417; calculated for 
[ 63 Cu(Me 2 [18]aneN 2 S 4 )PF 6 ] 	 M= 562, 
[ 63 Cu(Me 2 [18JaneN 2 S 4 )H 2 0] 	 M= 435, 
[ 63 Cu(Me 2 [18]aneN 2 S 4 )] 	 M= 417. 
IJV/vis spectrum 	(MeCN): A wax = 667nm 	(6 max = 503M 1 cm 1 ), 
414 (9,060). 	I.R. 	spectrum 	(KBr 	disc): 	2980w, 2920w, 
2860w, 1465m, 1435m, 1320w, 1290w, 1280w, 	1260w, 	1225w, 
1210w, 	1160w, 	1135w, 1090w, 1070w, 1050w, 1015m, 1000w, 
980m, 840vs, 740w, 720w, 640w, 620w, 555vs, 460w cm- 1. 
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Single Crystal Structure Determinations 
The following computer programs were used in the 
solution and refinement of 	the 	crystal 	structures; 
SIIELX76 82 
	SHELX86 83 
	CALC 84 IIRDIF 85 
86 
DIFABS  
The learnt-profile method used was that of Ref:87. 	The 
scattering factor curves for elements not inlaid in 
SHELX76 were taken from Ref.88. The graphics programs 
ORTEP 
89  and PLUTO 90 were used to obtain plots of the 
molecules. -  
2.4.4: Single Crystal Structure of 
fCu(Me 2 [l8ianeN 2 S 4 )}(PF 6 ) 2 
Blue needles of this complex were obtained by 
recrystallisation from MeCN. 
Crystal Data: 
[C 14 H 30 N 2 S 4 Cu](PF 6 ) 2 , 	
M= 708.0. Trigonal, space 
	
0 	 03 
group P, a 	10.5140(4), c 	6.6604(
-
)A, V=637.6A 	(by 
least-squares 	refinement on diffraction angles for 35 
centred 	reflections 	measured 	at +w 	28< 20 < 30 0 , , 
0 	 -3 
0.71073A1), z= 1. 	c 	
1.84gcm 	. 	Crystal 	dimensions 
0.72x0.12x0.12mm, 	(Mo-K)=13.9cm 1 , F(000)= 359. 
Data Collection and Processing: 
Stoe 	STAL)I-4 	four-circle 	di.ffractometer, w/20 
scan 	mode 	with w scan-width 	(1.05+0.347tan0) ° . 
Graphite-monochromated 	Mo-Ka 	radiation; 	1261 	data 
collected (two asymmetric units), 728 unique 	26 ntax 600. 
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h 	-12---l2, 	k 0-14. 1 O-9) giving 447 with F>6o(F). 
No significant crystal decay, no absorption correction. 
Structure Analysis and Refinement: 
The Cu atom was fixed at the origin, 	and a 
Patterson function located the phosphorus and partial 
sulphur atom. 	Other non-H atoms 	were 	located 	by 
successive least-squares refinements and difference 
Fourier syntheses. The cation was found to be disordered 
on a site of 03d 
 symmetry, the 1/3 occupied N-Me function 
being superimposed on the 2/3 occupied S. with N-S= 0.73 
0 
and S-Me= 0.68A. A single carbon in a general position 
refined well 	for all 	twelve methylene atoms. The PF 6 
anion also exhibited severe disorder, 	with a 	four-fold 
axis of the ion coincident with a three-fold axis of the 
crystal. Hydrogen atoms were placed in fixed. 	calculated 
positions. 	Anisoropic thermal 	parameters were refined 
for all non-H atoms except for the methyl carbon. The 
high thermal parameters indicate that the e.s.d.ts of the 
derived parameters are somewhat underestimated, but it is 
clear that the cation adopts a meso-configuration. The 
weighting scheme w 1 = a 2 (F)+0.00034E 2 gave satisfactory 
agreement analyses. At final convergence R= 0.052, 
0.058, S= 1.25 for 57 independent parameters, and the 
final difference 	Fourier synthesis 	showed no feature 
O_3 
above 0.37 or below -0.30eA 
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2.4.5: Single Crystal Structure of 
ICU  (Me 2 [ 18] aneN 2 S 4 ) ( NCMe) 21( PF6)2 
Pale green crystals of this complex were obtained 
by 	recrystallisation of [Cu(Me 2 [18]aneN 2 S 4 )](PF 6 ) 2 from 
MeCN/EtOH. The crystal selected was mounted 	in a 0.5mm 
capillary to prevent solvent loss. 
Crystal Data: 
[C 18 H 36 N 2 S 4 Cu 2 ](PF 6 ) 2 , 	M= 853.79. 	Triclinic, 
space group P1, a= 7.3435(18), b= 11.0562(26), 
0 
c=11.824(3)A, a= 62.298(10), (3=81.904(15), 
03 
r= 82.764(16), V= 839.5A 	(by least-squares refinement on 
diffraction angles for 22 centred reflections measured at 
 0 	 -3 
- -W [22<20<24 0 ,   A= 	0 .7l073Al ) , Z= 1, D= 	I . 526gcm 
Crystal dimensions 1.35x0.12x0.O8mm, 	(Mo-Ka)= 10.17cm 1 , 
F(000)= 359. 
Data Collection and Processing: 
Ste 	STADI-4 	four-circle 	diffractometer, oi/20 
. 
scan 	mode, 	with w scan-width 	(1 .20±0.347tan0)
0 
 
graphite-monochromated Mo-Ka radiation; 2187 reflections 
measured (20 max = 450, h -7-7, 	k 	-10 	)11, 	1 	0l2) 
giving 	1208 	with F>4o(F). No significant crystal decay, 
no absorption correction. 
Structure Analysis and Refinement: 
The Cu position was deduced from a Patterson 
synthesis. 	Iterative 	cycles of least-squares refinement 
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and difference Fourier syntheses revealed the positions 
of all other non-hydrogen atoms. During refinement, some 
disorder of the C atoms adjacent to the aza-functions of 
the inacrocycl.e became apparent. This was modelled 
successfully by refining the C-C-N units as rigid groups 
0 
with idealised bond lengths 	(1.50A) and tetrahedrai 
angles around each of these atoms; this identified two 
equally occupied sites for each C adjacent to N. The PF 6 
counterions also exhibited some disorder which was 
modelled using partially occupied F atoms, such that the 
total number of F atoms per P atom summed to six. 
Macrocyclic H atoms were included in fixed, calculated 
positions, while the methyl group in CH 3 CN was refined as 
a rigid group. Anisotropic thermal parameters were 
refined for all non-hydrogen atoms, except for the 
disordered C atoms. The weighting scheme 
-1 	2 	 2 
w = a (F) ~ O.009748F 	gave 	satisfactory 	agreement 
analyses. 	At 	final 	convergartce R= 0.0715, R= 0.0839, 
S= 1.105 	for 218 	independent parameters, and the final 
difference Fourier synthesis showed no feature above 0.88 
0 
or below -0.45eA. 
2.4.6: [Ni([1 8 ]aneN 2 S 4 )](PF 6 ) 2 
Method as for 2.4.2 above, 	using Ni(NO 3 ) 2 .6H 2 0 
(36mg, 0.123mmul) 	and [18}aneN 2 S 4 (40mg, 0.123mmol). The 
product 	was 	isolated 	as 	purple 	crystals 
(Yield: 70mg, 859). 	Mol. wt. 675.22. Elemental analysis: 
found C= 20.7, H= 4.83, N= 4.32, S= 18.8%; calculated for 
Wrom 
[C 12 H 26 N 2 S 4 Ni1(PF 6 ) 2 : 	C= 21.3, 	H= 3.88, 	N= 4.15, 
S= 19.096. F.a.b. mass 	spectrum 	(3-NOBA 	matrix): 	found 
529 and 383; calculated for 
529, 
[' Ni([18]aneN 2 S 4 )1 	 M =384. 
UV/vis 	spectrum 	(MeCN) : A max = 824nm 	(6 max = 68M 1 cm 
546 (68), 303 (9,200), , 262 (3,350). 	r .R. 	spectrum 	(KBr 
disc): 	3280m, 	3180w, 2920m, 2880w, 1555m, 1470m, 1430m, 
1420m, 1380w, 1320m, 1290w, 1265w, 1240w, 	1210w, 	1150w, 
1135w, 	1090m, 	1050w, 	1020m, 	1000w, 970m, 840vs, 790w, 
740m, 640w, 555vs, 460w cm- 1. 
2.4.7:Single Crystal Structure of 
[Ni([1 8 ]aneN 2 S 4 )](PF 6 ) 2 . 1 / 3 H 2 0 
Purple crystals of this complex were obtained by 
recrystali isat ion from a 1:1 v . v. mixture of MeCN/EtOH. 
The crystal selected was mounted in a 0.5mm capillary to 
prevent solvent loss. 
Crystal Data: 
[C 12 H 26 N 2 S 4 N1](PF 6 ) 2 .1/311 2 0, 	 M= 681.22. 
Orthorhombic, 	 space group 
-cab' 
 a= 12.8260(20), 
0 	 03 
b=18.0825(27), c= 22.200(4)A. V= 5148.8A 	 (by 
least-squares refinement on diffraction angles 	for 52 
centred 	reflections 	measured 	at ±w 	[10<20<110, 2= 
0.71073]), Z= 8, D= 	,1.76gcm 3 . 	Crystal 	dimensions 
0.20x0.20x0.40mm, 	(Mo-Ka)= 17.54cm 1 . F(000)= 3280. 
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Data Collection and Processing: 
Stöe 	STADI-4 four-circle diffractometer, w/26 
scan mode, with learnt profiles, 	graphite-monochromated 
Mo-Ka radiation: 3182 reflections measured (26 	
= 45 0 
max 	
h 
012, 	k O19, 1 O23) giving 1454 with F>4c(F). No 
significant crystal decay, no absorption correction. 
Structure Analysis and Refinement: 
The Ni position was deduced from a Patterson 
synthesis. Iterative cycles of least-squares refinement 
and difference Fourier syntheses revealed the positions 
of all other non-hydrogen atoms. During refinement, some 
disorder of the C atoms adjacent to the aza-functions of 
the macrocycle became apparent. This was modelled 
successfully by refining the C-C-N units as rigid groups 
with idealised bond lengths (l.50) and tetrahedral 
angles around each of these atoms; 	this 	identified two 
alternative sites for each C adjacent to N, in a ratio 
2:3. One of the PF 6 counterions also showed significant 
disorder. This was modelled reasonably well by using 
partially occupied F atoms, such that the total number of 
F atoms per P atom summed to six. A partially occupied. 
H 
2 
 0 solvent molecule was found to be associated per 
cation. U atoms were included in fixed, calculated 
positions. 	Anisotropic 	thermal 	parameters were refined 
for Ni. S, P. N, all fully occupied C 	atoms 	and 	all 	F 
atoms with greater than 50% occupancy. The we  ghting 
scheme w - 1= a 2 (F)+O.002170F 2 gave satisfactory agreement 
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analyses. 	At 	final 	convergance R= 0.0794, R= 0.0976, 
5= 1.167 for 285 independent parameters, and the final 
difference Fourier synthesis showed no feature above 0.98 
0-3 
or below -0.58eA 
2.4.8: [Ni(Me 2 [1 8 ]aneN 2 S 4 )](PF 6 ) 2 
Method as for 2.4.2 	above, 	using Ni(NO 3 ) 2 .6H 2 0 
(36mg, 0.123nimol) and Me 2 [l 8 janeN 2 S 4 (40mg, 0.123mmo1). 
The product was isolated as a blue microcrystalline solid 
(Yield: 60mg, 70%). Mol. wt. 702.37. Elemental analysis: 
found C= 24.3, 14= 4.24, N= 4.17, S= 18.2%; calculated for 
[C 14 H 30 N 2 S 4 N1](PF 6 ) 2 : C= 23.9, H= 4.31, N= 3.99, 
S= 18.3%. F.a.b. mass spectrum (3-NOBA matrix): found M= 
557, 431 and 412; calculated for 
[ 58 N1 (Me 2 [l8ianeN 2 S 4 )PF 6 ] 	 M= 557, 
[58Ni(Me2(18]aneN2S4)H201 	 M= 430, 
[58Ni(Me2[181aneN2S4)] 	 M= 412. 
UV/vis spectrum 	(MeCN): A max = 903nm 	(6 max = 59M 1 cm 1 ), 
574 (53), 	312 (5,230), 	273 (2,960). 	I .R. spectrum (KBr 
disc): 3010w, 2940w, 1470m, 1430m, 1380w, 	1320m, 	1270w, 
1230w, 	1210w, 	1160w, 	1140w. 1070w, 1030w, 1005w, 990m, 
840vs, 745m, 685w, 640w, 620w, 555vs. 460w cm'. 
2.4.9: Single Crystal Structure of 
[Ni(Me 2 [ 18 ]aneN 2 S 4 )](PF 6 ) 2 
Recrystallisation of this complex from a 1:1 v.v. 
mixture of MeCN/EtOFI yielded pale blue crystals suitable 
for an X-ray crystallographic study. A single crystal was 
CVVII 
selected and sealed 	in a 0.5mm capillary to prevent 
solvent loss. 
Crystal Data: 
1C 14 H 30 N 2 S 4 N11(PF 6 ) 2 . 	M= 702.7. 	Trigonai, 
space group 	a= 10.408(12), c= 6.777(5), 
03 
V= 635.77A (by least-squares refinement on diffraction 
angles 	for 	8 	centred 	reflections measured at w 
	
0 	 -3 
[A= 0.71073A1), 	 c' 1.83gcm 
Data Collection and Processing: 
Ste 	STADI-4 	four-circle 	diffractometer, xi/28 
scan 	mode. 	with w scan-width 	(1.05-1-0.347tan9) ° . 
Graphite-monochromated Mo-Ka radiation; 	606 reflections 
measured 	(20 max" 60 
0, 
	h --910, k 011. I 0-7). No 
significant crystal decay. 
Structure Analysis and Refinement: 
The Ni position was 	located 	from a Patterson 
synthesis, 	however, 	development or the structure was 
hampered by extreme disorder of 	the macrocyclic S and 
N-Me atoms. 
2.4. l0 	N?e([l8)aneN 2 S 4 )CI 2 ] 
Reaction 	of 	FeC1 2 .4H 2 0 	(22mg, 0.107mmoi) 	and 
[18laneN 2 S 4  (35mg, 0.107mmol) in refluxing dry, 	degassed 
MeCN 	(35m1) 	for 	lb under N 2 afforded a deep blue 
precipitate, which was filtered. 	washed with MeCN 	and 
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diethyl 	ether and dried in vacuo (Yield: 40mg, 83%). 
Mol. wt. 453.34. F.a.b. mass 	spectrum 	(3-NOBA 	matrix): 
found M= 417 and 381; calculated for 
[ 56 Fe([1 8 ]aneN 2 S 4 ) 35 Cl] 	 M= 417, 
1 56 Fe([18]aneN 2 s 4 )1 	 M= 382. 
I.R. 	spectrum 	(KBr 	disc): 	3130m, 2960w, 2920w, 2860w, 
1465m, 1430m, 1315m, 1290w, 1250w, 1230w, 	1200w, 	1110m, 
1070m, 	1015m, 	995w, 930w, 850w, 820w, 790m, 680w, 630w, 
450w, 360w, 280m cm 1 . 
2.4.11: {Fe([18]aneN 2 S 4 )](BPh 4 ) 2 
Metathesis 	of the 	dichioro species above, 	with 
NaBPh 4 in 	MeCN/H 2 0 yielded a 	blue precipitate. 
Recrystallisation from MeCN/EtOH gave the product as blue 
crystals. Mol. wt. 1020.89. F.a.b. mass spectrum 	(3-NOBA 
matrix): 	 found 	M 4 	381: 	calculated 	for 
{ 6 Fe({18]aneN 2 S 4 )r M= 382. I.E. spectrum (KBr 	disc): 
3180m, 	3040m, 	2980w, 2920w, 1575m,, 1475m, 1460m, 1420m, 
1405m, 1380w, 1305w, 1260w, 1170w, 1120w, 	1080w, 	1060w, 
1030w, 	990w, 	970w, 920w, 840w, 820w, 785w, 755m. 735vs, 
710vs, 610vs, 470w cm 1 . 
2.4.12:Single Crystal Structure of 
[Fe([18]aneN 2 S 4 )J(BPh 4 ) 2 . 2 MeCN. 1 / 2 CH 3 OH 
Recrystailisation of the complex from a 1:1 V.V. 
mixture of MeCN/EtOH gave deep blue columnar crystals. A 
single crystal was selected and sealed in a 0.5mm 




H 26 N 2 S 4 Fe1(C 24 H 20 B) 2 .2CH 3 CN.1/2CH 3 QH, 
M= 1143.0. 	Triclinic, 	space group P1, a= 11.8615(8), 
0 
b= 15.4285(12), c=.17.9412(13)A, a= 67.301(3), 
8=78.542(4), y=76.696(3) ° ,V2925.6 3 	 (by 
least-squares 	refinement on diffraction angles for 27 
centred 	reflections 	measured 	at ±w 	132<20<350. 2 
0.71073]), Z= 2, D= 
	
1.297gcm 3 . 	Crystal 	dimensions 
0.69x0.27x0.27mm, 	(Mo-Ka)= 19.64cm 1 , F(000)= 1188. 
Data Collection and Processing: 
St'e 	STAD1-4 	four-circle 	diffractometer, w/26 
scan mode using the learnt-profile method. 
Graphite-monochromated Mo-Ka radiation; 8245 reflections 
measured (26 max 
0 = 60 , h -13--i2, k -l.-  --17, 1 -l8----?20) 
giving 6110 with F>6a(F). No significant crystal decay. 
Structure Analysis and Refinement: 
The Fe position was deduced 	from a Patterson 
synthesis. Iterative cycles of 	least-squares refinement 
and difference 	Fourier synthesis revealed the positions 
of all other non-hydrogen atoms. 	Absorption correction 
was made using 144i-scans (maximum correction= 0.356, 
minimum= 0.171). Two fully occupied MeCN molecules and 
one half-occupied MeOH solvent molecule were found to be 
associated per cation. H atoms were included in fixed. 
calculated 	positions, 	and the phenyl rings of the BPh4 
counter-anion were refined as rigid 	groups. 	Anisotropic 
thermal parameters were refined for Fe, S. N, B and C 
atoms. The weighting scheme w 
-.l= 
 a 2 
	 2 (F)+0.00009F 	gave 
satisfactory agreement analyses. 	At 	final convergance 
R= 0.0668, R = 0.0947, S= 1.232 	for 	591 	independent 
- 	 --w 	 - 
parameters, 	and 	the 	final difference Fourier synthesis 
O_3 
showed no feature above 0.60 or below -0.61eA 
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CHAPTER 3 
Cobalt and Rhodium Complexes of 
[18 ]aneN2S 
3.1: Introduction 
The 	octahedral 	macrocyclic 	complexes, 
[M({18]aneN 2 S 4 )] 	(M= Fe(II), Ni(II), Cu(II)) have 	been 
discussed in Chapter 2, 	and their redox properties 
related to the electronic and stereochemical 
characteristics of the macrocycle. In the course of this 
work, the ability of this macrocyc].e to stabilise a range 
of metal oxidation states has been demonstrated. This is 
largely attributed to the flexibility of the ligand, 
enabling it to modify its mode of co-ordination to 
conform to the preferred stereochemical requirements of 
each d n _configuration. These results have prompted an 
investigation of the co-ordination of this ligand to 
cobalt and rhodium centres. These metals are of 
particular interest since they exhibit multi-electron 
redox behaviour, with the +1. +2 and +3 oxidation states 
being available. 
This has resulted in extensive application of Co 
and Rh complexes in catalytic processes. 	For example, 
Coliman et a] have reported 
30  the electrocatalytic 
four-electron reduction of oxygen to water by a dicobalt 
cofacial porphyrin, (1). The major advantage of this 
system is that the catalysed reduction produces water 
almost exclusively at exceptionally positive potentials, 
with only trace quantities of H 2 0 2 
 being generated. 
Schrock and co-workers have demonstrated the use of Rh(I) 
systems as highly active hydrogenation catalysts 91 ' 92 . 
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Wilkinson's 	catalyst, 	[RhC1(PPh 3 ) 3 }, 	mediates 	a wide 
range of reactions, including the catalytic hydrogenation 
of olefins under very mild conditions, and the catalytic 
decarbonylation of aldehydes and acyl halides 
93
.Rhodium 
complexes have also been shown to mediate C-C bond 
cleavage in strained aikanes 
48 
 . For example, 
bicyclo[2.1.0]pentanes are rearranged to cyclopentenes by 
94,95 
Rh(I) 	according to the 	scheme, 	(2) 	 Similar 




bicyclo [4 1. 0] heptanes 
CO 
• OC O\  C=O  	
=OE 
(1) 	 0 N 
CO 
(2) 	
Rhcfl > 	 > 	 > 
Rh—H 
3.2: Results and Discussion 
This chapter 	describes 	the 	synthesis 	and 
characterisation of Co(II), Co(III) and Rh(III) complexes 
incorporating [18]aneN 2 S 4 . An investigation into the 
electrochemical characteristics of the 	products 	is 
discussed. 	Finally, a description of the attempt to 
synthesise the 	related 	rhodium 	hexathia 	complex, 
[Rh(t181aneS 6 )) 3 	is given, and the characterisation of 
an unusual deprotonated species, 	[Rh({18]aneS 6 - H)] 	is 
mentioned. 
3.2.1: Cobalt 
Reaction 	of 	Co(NO 3 ) 2 .6H 2 0 	with 	one molar 
equivalent of [18)aneN 2 S 4 in refluxing EtOH/H 2 0 afforded 
a purple solution. Addition of excess PF 6 counterion 
gave a purple precipitate, which was recrystallised from 
acetone, yielding the product as a purple solid. 
The f.a.b. mass spectrum of the complex shows 
molecular ion peaks at M+=  530 and 384, corresponding to 
1 59 Co({181aneN 2 S 4 )PF 6 1 and [ 59 Co([18]aneN 2 S 4 -H)] 
respectively. This evidence combined with microanalytical 
and I.R. spectroscopic data confirms the formulation 
[Co([1 8 ]aneN 2 S 4 )](PF 6 ) 2 . 
The UV/vis 	spectrum of [Co([1 8 ]aneN 2 S 4 )](PF 6 ) 2 
exhibits two d-d transitions at 
A max = 593nm (6 
max= 
 68M 'cm') and 534 (73) in addition to 
two much more intense S—+Co charge-transfer absorptions 
at 298nm (2.390) and 247 (4,795). The energies of the d-d 
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transitions and the magnitudes 	of 	the 	extinction 
coefficients are in accord with low-spin Co(I1) in an 
octahedral field 98,99 The generation of a low-spin 
Co(II) species with an N 2 S 4 
 donor set reflects the strong 
ligand field imparted by the thioether-donor atoms. The 
electronic spectra and magnetic measurements of the 
related complexes [Co([9]aneS3)21 2+ and [Co(fl9ianeN3)2] 2+ 
are consistent with low- and high-spin Co(II) 
100 respectively 99,100. Sargeson and co-workers have shown 
that low-spin Co(II) is preferred when encapsulated by a 
caging N 
3 S 3 
 donor ligand 101 
The single crystal X-ray structures of 	the 
[M([181aneN 2 S 4 1] 2 , (M=Ni(II), Cu(II) and Fe(II)) 
discussed in Chapter 2 each shows the central metal ion 
co-ordinated to an octahedral arrangement of all six 
donor atoms of the macrocycle, with two S-N-S portions 
binding meridional.ly to the metal, generating a 
rac-configuration for the complex. It therefore seems 
highly likely that a similar geometry would be observed 
for [Co([18]aneN 2 S 4 )] 2 . A tetragonal distortion similar 
to that observed in low-spin tICo([ 18 ]aneS 6 )] 2 
0 57 
[CO_Seq= 2.251(1), 2.292(1)A, CO_SaP=  2.479(1)Ai 	might 
be expected, although the hexathia species exhibits a 
rather 	more 	pronounced elongation than is usually 
observed for low-spin d 7 Co(Ii). The stertochemistry of 
the 	related 	complex, 	{Co(3) 2 ] 2 	is also 	severely 
57 
distorted 	However, 	this cation is probably best 
described 	as 	square 	planar, 	with 	two 	apical 
-71- 
sulphur-donors 	interacting 	weakly 	at 	long 	range 
[CO_Seq=22S3(3) 	2.253(3), 	2.254(3), 	2.258(3), 
Co-Sap= 2.580(3), 2.635(3)A]. The 	tetragonal 	elongation 




(/S 	SMe 	(3) 
SMe 
3.2.2: Single Crystal Structure of 
[Co ([18 }aneN 2 S 4 ) I (PP6  )3 . 31120 
Aerial oxidation of an aqueous solution of 
[Co([18aneN2S4)](PF6)2 	gave dark orange crystals which 
were 	assigned 	to 	the 	Co(III) 	complex, 
[Co([18]aneN2S4)I(PF6)3.Ifl 	order 	to 	confirm 	that this 
product was a genuine Co(III) complex, and 	to elucidate 
the 	stereochemistry, 	a 	single 	crystal 	structure 
determination was undertaken. Furthermore, the synthesis 
of 	[Co([18ianeN 6 )] 3 	has 	been 	reported 103, 
	
but 	the 
structures of the Co(I11) and 	Co(I1) 	species 	have 	not 
been determined. 
Details of the structure solution and refinement 
are given in the Experimental Section. Relevant bond 
lengths, angles and torsions are given in Tables 3.1, 3.2 
and 3.3 respectively. Two ORTEP plots illustrating the 
geometry of the cation are 	presented 	in Figs. 3.1 	and 
3.2. 
The 	structure 	shows 	CO(III) 	bound 	to all six 
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macrocyclic donor atoms in a near octahedral geometry. 
Co-S= 2.2682(13), 	2.2488(13), 2.2524(13), 2.2539(13) 	and 
0 
Co-N= 1.993(4), 	1.994(4)A. 	The 	complex 	adopts 	a 
rac-configuration as observed for all other first row 
complexes with this ligand. There IS' a tetrahedral 
distortion of the S-donor atoms out of the least-squares 
S 4 co-ordination plane. The extent of this distortion is 
intermediate between that observed in [Fe(i18]aneN 2 S 4 )] 2 
and {Ni([18]aneN 2 S 4 )J 2 (Chapter 2), with S(1) and S(10) 
lying above the 	plane 	by 	+0.1204 	and 	+0.1199 
respectively and S(4) and S(13) lying below the plane by 
0 	 3± 
-0.1196 and -0.1207A respectively in {Co([18]aneN 2 S 4 )] 
Extensive H-bonding is also evident from the 
structure determination (Table 3.4). This occurs between 
the three H 
2 
 0 solvent molecules, the N-H functions of the 
[Co([18]aneN 2 S 4 )] 3 cation 'and the PP 6 anions. 
-73- 
Fig_31:VieW of the single crystal 	3 
structure of [CoU18ianeN 2 S 4 )] 
13+ 
Fig. 3.2:AlternatiVe view of the single 	 3 
crystal structure of [Co([18]aneN 2 S 4 )i 
-74- 
Single Crystal Structure of 
[Co([18]aneN 2 S 4 )}(PF 6 ) 3 . 3 H 2 0 
0 
Table 3.1: Selected Bond Lengths(A) with e.s.d.'s 
Co(1) - 	 s(1) 2.2682(13) C(6) - 	 N(7) 1.494( 6) 
Co(l) - 	 S(4) 2.2488(13) N(7) - 	 C(8) 1.494( 6) 
Co(l) - 	 N(7) 1.993( 	4) C(8) - 	 C(9) 1.514( 7) 
Co(1) -S(lO) 2.2524(13) C(9) -S(lO) 1.830(5) 
Co(1) -S(13) 2.2539(13) S(lO)  1.811(5) 
Co(l) -N(16) 1.994(4) C(ll)  1.499(7) 
S(l) -C(2) 1.817(5) C(12) -S(13) 1.821(5) 
S(1) -C(18) 1.831(5) S(13) -C(14) 1.821(5) 
C(2) -C(3) 1.519(7) C(14) -C(15) 1.496(7) 
C(3) - 	 S(4) 1.810( 	5) C(15) -N(16) 1.490( 6) 
S(4) - 	 C(5) 1.828( 	5) N(16) -C(17) 1.493( 6) 
C(5) - 	 C(6) 1.504( 	7) C(17) -C(18) 1.495( 7) 
-75- 
Table 3.2: Selected Angles( °) with e.s.d.'s 
S(l)-Co(l)- S(4) 
S(1)-Co(l)- N(7) 
S( 1)-Co (1 )-S( 10) 
S (1)-Co (1)-S (13) 
S( 1) -Co( 1) -N( 16) 
S(4)-Co(l)- N(7) 





N (7)-Co (1 ) -N (16) 
S(10)-Co( l)-S( 13) 
S(10)-Co(l)-N(16) 
S(13)-Co(l)-N(16) 
Co(l)- S(1)- C(2) 
Co(1)-S(1)-C(18) 
C(2)- S(1)--C(18) 
S(1)- C(2)- C(3) 
C(3)- S(4) 
Co(1)- S(4)- C(3) 

























S(4) - C(5) - C(6) 108.7( 4) 
- C(6) - N(7) 108.5( 4) 
Co(1) - N(7) - C(6) 112.2( 3) 
Co(1) - N(7) - C(8) 114.5( 3) 
- N(7) - C(8) 111.1( 4) 
N(7) - C(8) - C(9) 108.3( 4) 
- C(9) -S(10) 111.0(4) 
Co(1) -S(10) -C(9) 	98.13(17) 
Co(1) -S(10) -C(1l) 104.45(16) 
-S(10) -C(11) 104.37(23) 
S(10) -C(11) -C(12) 114.9( 3) 
-C(12) -S(13) 114.3( 3) 
Co(1) -S(13) -C(12) 105.06(16) 
Co(1) -S(13) -C(14) 	97.58(16) 
-S(13) -C(14) 104.02(22) 
S(13) -C(14) -C(15) 111.0( 3) 
-C(15) -N(16) 109.0(4) 
Co(1) -N(16) -C(15) 114.7(3) 
Co(1) -N(16) -C(7) 111.9( 3) 
-N(16) -C(17) 112.4( 3) 
N(16) -C(17) -C(18) 108.2(4) 
S(1) -C(18) -C(17) 109.6(3) 
ZOO 
Table 3.3: Selected 
C(18) - S( I) 
- C(9) 
C(2) - S(1) 
-S(10) 
S(1) - C(2) 
S(10) -C(11) 
C ( 2 ) - C(3) 
-C(12) 
C ( 3 ) - S(4) 
-S(13) 
S(4) - C( 5) 
S(13) -C(14) 
C ( 5 ) - C(6) 
-C(15) 
C ( 6 ) - N(7) 
-N(16) 
N ( 7 ) - C(8) 
N(16) -C(17) 




























































Table 3.4: Hydrogen-Bonding Parameters for 
[Co([18]aneN 2 S 4 )](PF 6 ) 3 .3H 2 0 
Bond Lengths() with e.s.d.'s 
H( 	7) - 	 0(2S) 1.756(6) H( 	16) - 	 O(1S) 1.929(5) 
H(1SA) - 	 F(26) 2.48 	(4) H(1SB) - 	 F(36) 2.11 	(4) 
H(2SA) - 	 F(16) 2.18 	(4) H(2SB) - 	 0(1S) 2.53 	(5) 
H(3SA) - 	 F(25) 2.30 	(5) H(3SB) - 	 0(2S) 1.92 	(5) 
Bond Angles( 
0
) with e.s.d. 's 
N( 	7)-H( 	7)'''0( 2S) 162.5 ( 	 4) 
H(2SA)-O(2S) ... H( 7) 98.9 (27) 
H(2SB)-0( 	2S) ... H( 7) 87.7  
N( 	16)-H( 	16) 0( is) 158.9 ( 	 4) 
H(1SA)-0( 	1S) . H( 16) 99.6 (26) 
H(1SB)-0( 	is) . 	H( 16) 111.6 (26) 
0( 	1S)-H(1SA ) ....( 26) 159 ( 	 4) 
0( 	1S)-H(1SB) . 	F( 36) 165 ( 	 4) 
0( 	2S)-H(2SA) F( 16) 133 ( 	 4) 
0( 	2S)-H(2SB) 0( IS) 140 ( 	 4) 
H(1SA)-0( 	1S)H(2SB) 116.1  
H(1SB)-0( 	1S)H(2SB) 112.9 (28) 
0( 	3S)-F((3SA) 'F( 25) 133 ( 	 4) 
0( 	3S)-H(3SB) 0( 2S) 142 ( 	 4) 
l-f(2SA)-O( 	2S)H(3SB) 89 (3) 
H(2SB)-0( 	2S) H(3SB) 138 ( 	 3) 
3.2.3: Electrochemical Study on [Co([18]aneN 2 S 4 )J 2 
The redox couples for a series of cobalt 
poly-thia and -aza macrocyclic complexes are presented in 
Table 3.5. 
A study of the electrochemical characteristics of 
[Co([1 8 ]aneN 2 S 4 )] 2 would allow an assessment to be made 
of the influence of mixed S and N-donation upon the 
cobalt ion. 
Cyclic 	voltammetry of 	[Co([18]aneN 2 S 4 )](PF 6 ) 2 
measured in MeCN (O.1M NBu 4 PF 6 supporting electrolyte) 
at platinum electrodes reveals two reversible redox 
processes; an oxidation occurring at E 112 = -O.07V vs. 
Fc/Fc 	(E= lOOmV at a scan rate of 230mVs
1 ), and a 
reduction at E 112 = -l.30V vs. Fc/Fc 	(E= 75mV at a scan 
rate of 230mVs 1 ) as shown in Fig. 3.3. Coulometric 
measurements performed in MeCN (O.lM NBu 11 4 PF 6 supporting 
electrolyte) at a platinum basket electrode, confirm that 
the former process corresponds to a one-electron 
oxidation, 	generating an orange solution containing the 
complex-cation 	[Co([18]aneN 2 S 4 )] 3 , 	while the 	latter 
corresponds to a one-electron reduction, yielding a pale 
green solution of 	[Co([18]aneN 2 S 4 )]. 	The 	larger peak 
separation 	for 	the Co(II)/(III) couple suggests that a 
significant stereochemical change occurs at the metal 
centre on oxidation. 	This may reflect the inertness of 
the 10w-spin d 
6 centre and high M-S bond strength. 	In 
contrast, 	cleavage of M-S to give a square planar Co(. [) 
-79- 
species 	is 	rapid 	relative 	to 	the 	rate 	of 
electron-transfer. 
The oxidation potential for [Co([18]aneN 2 S 4 )] 2 
is only slightly less 	anodic than that reported for 
[Co([18]aneS 6 )] 2'3 , while the reduction is more 
cathodic. This reflects the incorporation of two nitrogen 
donor atoms which have no ir-bonding facility. 
The reversibility of the Co(II)/(I) redox 	couple 
for [Co(18ianeN2S4)}2 	contrasts with [Co([18]aneS 6 )] 2 , 
suggesting a slower rate of Co-L bond cleavage/formation 
in the latter case. 
-80- 
Co(Ifl/(I11) 	, Co(I1)/(1) 
co 
I 	 I 	 I 	 1 
+05 	00 -05 -1'0 -15 	-20 V 
vs. Fc /Fc+ 	g.3.3:Oxidative and reductive cyclic voltmmograms 
Of (Co([18]aneNs)j 2 	(MeCN/O.]M NBu'14PF6) 
Table 3.5: Redox Couples For Selected 
Cobalt Macrocyclic Complexes 
Complex 	 E112 a 
	
E112 a 	 Ref. 
11/Ill 	Il/I 
Co 	 Co 
{Co([18]aneN6)]2 	 -1.13 	 - 	 103 
{Co([9]aneN3)2]2 	 -0.868 	- 	 99 
[Co([18]aneN 2 S 4 )] 2 	 -0.07 	-1.30 	this work 
{Co([9]aneS3)2]2 	 -0.013 	-0.86 	 99 
[Co([18]aaeS6)]2 	 +0.124 	-0.88 b 57 
a= in volts vs. Fc/Fc, b= irreversible 
3.2.4: Rhodium 
Treatment of RhC1 3 .3H 2 0 with 3.2 equivalents of 
T1PF 6 in refluxing MeCN afforded a yellow solution and 
copious amounts of greyish/white T1C1 precipitate, which 
was removed by filtration. Subsequent reaction of the 
yellow filtrate with one molar equivztlent of [ 1 8]aneN 2 S 4 
yielded a pale yellow solution. The product was isolated 
by removal of solvent and recrystallisation from 
MeCN/EtOEI. Removal of Cl 	by Ti 	was required as a 
driving force for 	the reaction, 	since d 
6 metals are 
-82- 
notoriously inert to substitution 104 
The I.R. 	spectrum of the complex shows no peaks 
in the Rh-Cl stretching region (250-400cm 1 ), 	suggesting 
encapsulation of Rh(III) by the macrocycle. The f.a.b. 
mass spectrum is in accord with this, revealing molecular 
ion peaks with the correct isotopic distributions at 
M= 719, 573 and 427. These are assigned respectively to 
[ 103 Rh({18]aneN 2 S 4 )(PF 6 ) 2 1, 
[ 103 Rh([181aneN 2 S 4 - H)PF 6 ] 	and 
[ 103 Rh(18]aneN 2 S 4 -2H)]. 
No peaks of the correct mass for chioro-containing 
species are apparent. This evidence combined with 
microanalytical data confirms our assignment of the 
complex as [Rh([18]aneN 2 S 4 )I(PF 6 ) 3 . 
The synthesis of [Rh([18]aneN2S4)]3 	can also be 
achieved in good yield via reaction of an aqueous 
solution of [Rh(H20)6](NO3)3 with one molar equivalent of 
[18]aneN 2 S 4 in refluxing MeOH, to afford a bright yellow 
solution. The complex can be isolated as an orange BPh 4 
salt by addition of an excess of NaBPh 4 , 	followed by 
recrystallisation from MeCN. 
The I.R. 	spectrum of the BPh 4 	salt reveals 
v(N-H) 	at 	3200cm 1 . 	Other 	characteristic 	bands 
corresponding 	to 	co-ordinated macrocycle and BPh 4 
counterion are also apparent. F.a.b. mass spectral 	data 
is in agreement with this, revealing a molecular ion peak 
at 	M= 427, assigned to [ '°3 Rh([18]aneN 2 S 4 -2 H)J. The 111 
n.m.r. spectrum indicates a ratio of 	3BPh 4 	counterions 
-83- 
(d= 6.8-8.Oppm, in, 60H) 	to 	one 	inacrocycle 
(2.0-3.9ppm. br . m, CH 2' 
 24H). This evidence confirms our 
assignment as [Rh([18]aneN 2 S 4 )](BPh 4 ) 3 . 
In order to deduce the stereochemistry 	and 
3+ 
conformation of the macrocycle in {Rh([18]aneN2S4)I 	, a 
single crystal. X-ray 	structural 	determination 	was 
undertaken. 
3.2.5: Single Crystal Structure of 
[Rh([ 18 ]aneN 2 S 4 )](PF 6 ) 3 . 3 H 2 0 
Details of the structure solution and refinement 
are given in the Experimental Section. 	Tables 3.6, 	3.7 
and 3.8 	list relevant bond lengths, angles and torsions 
respectively. Two ORTEP plots revealing the 
stereochemical arrangement of the macrocyclic ligand 
around the rhodium ion are presented in Figs. 3.4 and 
3.5. 
The 	single 	crystal 	structure 	of 
{Rh([18]aneN 2 S 4 )J 3 is very similar to its Co(III) 
analogue, and shows Rh(III) co-ordinated to all six donor 
atoms of the macrocycle. with the N-donors occupying 
mutually trans-positions. The Rh-S and Rh-N bond lengths 
{Rh-S(l)=2.3289(14), 	 Rh-S(4)=2.3416(l4), 
Rh-S(1O)=2.3353(14), 	 Rh-S(13)=2.3349(14), 
Rh-N(7)=2.083(4), 	Rh-N(16)=2.101(5)A] 	are 	in 	close 
agreement with those observed in related macrocyclic 
complexes, 	e.g. 	[Rh([ 9 1aneS 3 ) 2 ] 3 
	[Rh--S= 2.3316(14), 
2.3335(12), 	2.3335(12)AJ
0 	105 	and 	(Rh([9]aneN3)21 3-'- 
-84- 
0 106 
(Rh-N= 2.065(19), 	2.073(21), 	2.058(18)A) 	. 	In 
[Rh([ 18 ]aneN 2 S 4 )] 3 the angles around S are lower than 
the tetrahedral value, as normally observed in thiacrown 
complexes. The complex adopts a rac-configuration, as 
observed for each of the first row metal complexes 
incorporating this ligand. There is no evidence for the 
presence of a meso-isomer. Angles around the Rh(III) ion 
deviate considerably from octahedral, and indeed, 
calculations reveal a large tetrahedral distortion of the 
thioether-donor atoms out of the least-squares 
S(1), S(4), S(lO), S(13) co-ordination plane. 	with 	S(4) 
and S(10) lying above the plane by +0.1754 and +0.1748 
respectively, and S(l) and S(13) lying below by -0.1743 
and -0.1759R respectively. No such distortion has ever 
been observed for [M([18]aneS 6 ' )] 	 , 	 ( M= Co(1I), 	Cu(II), 
Ni(tI)), 	where 	the 	structures 	are 	rigorously 
centrosymmetric with any strain being accommodated by a 
constriction of the M-S bond lengths 53-58 
Significant H-bonding is also apparent from the 
crystal structure. 	As 	in 	the 	isoelectronic 	and 
isostructural 	Co(III) complex. [Co([18]aneN 2 S 4 )] 3 , this 
occurs between the N-H functions of the macrocycle, 	H 2 
 0 
solvent molecules and F atoms of the PF 6 counterions, 
H(7) ... 0(1S)= 	1.888(7), 	angle 	N(7)-H(7) . 0(1S)= 
166.9(5) ° , 	H(16)''0(2S)= 	1.726(8), 	angle 
0. 0 




3.4:View of the single crystal 	
3 structure of [Rh([13]aneNs)] 
view of the single 	
3 
crystal structure of [Rh([18]aneN2S4)] 
Single Crystal Structure of 
[Rh({18}aneN 2 S 4 )](PF 6 ) 3 .3H 2 0 
Table 3.6: Selected Bond Lengths() with e.s.d.'s 
Rh(l) - 	 S(1) 2.3289(14) C(6) - 	 N(7) 1.488( 7) 
Rh(1) -S(4) 2.3416(14) N(7) -C(8) 1.498(8) 
Rh(1) - 	 N(7) 2.083( 	4) C(8) - 	 C(9) 1.497( 8) 
Rh(1) -S(10) 2.3353(14) C(9) -S(10) 1.834(6) 
Rh(1) -S(13) 2.3349(14) S(10) -C(i1) 1.833(6) 
Rh(l) -N(16) 2.101(5) C(ll) -C(12) 1.482(8) 
S(1) - 	 C(2) 1.811( 	6) C(12) -S(13) 1.821( 6) 
S(1) -C(18) 1.826(7) S(13) -C(14) 1.833(6) 
C(2) - 	 C(3) 1.500( 	8) C(14) -C(15) 1.514( 9) 
C(3) -S(4) 1.826(6) C(15) -N(16) 1.507(8) 
S(4)  1.821(6) N(16) ---C(17) 1.486(8) 
C(5)  1.507(8) C(17) -C(18) 1.505(10) 
--87- 
Table 3.7: Selected Angles( °) with e.s.d.s 
S (1 )-Rh( 1) 
S(1)-Rh(1) 
S(1) - Rh(1)  
S(1)--Rh(I)  







N ( 7) -Rh ( 1 
S( 10)-Rh( 1) 
S(10)-Rh(l)  
S(13)-Rh(l)  
Rh (1)- S ( 1 




















- N ( 16 
-N(16) 
- C(2) 





















86. 15( 13) 
103.65(19) 







S(4)- C(S) - C(6) 111.2( 4) 
C(6) - N(7) 109.2( 5) 
Rh(1)-N(7) -C(6) 110.7(3) 
Rh(1)- N(7) - C(8) 113.2( 3) 
N(7) - C(8) 114.1( 4) 
N(7)- C(8) - C(9) 109.9( 5) 
C(8)- C(9) -S(10) 111.6( 4) 
Rh(1)-S(10) - C(9) 	97.31(19) 
Rh(1)-S(10) -C(11) 104.56(20) 
C(9)-S(10) -C(11) 104.9(3) 
S(10)-C(11) -C(12) 115.1( 4) 
C(11)-C(12) -S(13) 115.5( 4) 
Rh(1)-S(13) -C(12) 103.96(19) 
Rh(1)-S(13) --C(14) 98.20(19) 
C(12)-S(13) -C(14) 104.7(3) 
S(13)-C(14) -C(15) 111.9(4) 
C(14)-C(15) -N(16) 109.8(5) 
Rh(1)-N(16) -C(15) 111.8(4) 
Rh(1)-N(16)-C(17) 109.1(4) 
C(15)-N(16) -C(17) 112.8( 5) 
N(16)-C(17) -C(18) 108.8(5) 
S(1)-C(18) -C(17) 109.9(5) 
omm 
Table 3.8: Selected Torsion Angles( °) with e.s.d.'s 
C(18) - S(l) 
C ( 8 ) - C(9) 
C ( 2 ) - 5(1) 
C ( 9 ) -S(10) 
S(l) - C(2) 
S(10) -C(11) 
C(2) - C(3) 
-C(12) 
C ( 3 ) - S(4) 
-S(13) 
S(4) - C(S) 
S(13) -C(14) 
C(5) - C(6) 
C(14) -C(15) 
C(6) - N(7) 
C(15) -N(16) 



























- C (14) 
- C(6) 




- C'(17)  
- C(9) 





















3.2.6: Electrochemical Study on [Rh([18]aneN 2 S 4 )] 3 
Since co-ordination of [18]aneN 2 S 4 to Cu(II), 
Ni(lI) and Co(II) enables generation of unusual oxidation 
states, we were interested to investigate the redox 
activity of the d 6 Rh(IIi) system, to determine whether 
this complex could be activated electrochemically to 
afford a mononuclear d 7 Rh(II) species. A further impetus 
for this work comes from the recent reports revealing the 
effectiveness of the trithia macrocyc].e, [9]aneS 3 , in 
stabilising both the d 7 Rh(II) and d 8 Rh(I) complexes, 
[Rh([ 9 ]aneS 3 ) 2 ] 2 (Rh(III)/(II): E 1/2 = -O.71V vs. Fc/Fc) 
and 	[Rh(f9]aneS 3 ) 2 1 	(Rh(II)/(I): 	E 112 = -1.08V vs. 
105107 
Fc/Fc ) 	' 	. Interestingly, such stabilisation cannot 
be achieved by the analogous bis(tri-aza) complex, 
[Rh([ 9 ]aneN 3 ) 2 ] 3 . This system shows two irreversible 
reductions at the considerably more cathodic potentials, 
E = -1.93 and -2.32V vs. Fc/Fc 108 An investigation of 
the electrochemical properties of [Rh(i181aneN 2 S 4 )] 3 
provides a means of assessing the effect which mixed 
sulphur and nitrogen-donation has on the stability of 
Rh(III)/(II)/(I). Although the systems are not strictly 
analogous, the former two being bis-macrocyclic species 
incorporating 9-membered rings, as opposed to the 
18--membered N 2 S 4 
 system, a qualitative measure of the 
influence of mixed donor co-ordination should be 
possi bi e. 
Electrochemical 	measurements 	could 	not 	be 
performed on. [Rh([18janeN 2 S 4 )](PF 6 ) 3 	, due to the very 
low solubility of the PF 6 salt in MeCN. Thus, all 
measurements were performed on the much more soluble 
BPh 4 salt. 
Cyclic voltajnmetry of 	[Rh([ 18 ]aneN 2 s 4 )](BPh 4 ) 3 
measured 	in. MeCN (0.1M NBU 11 4 PF 6 supporting electrolyte) 
at platinum electrodes reveals only one irreversible 
reduction. At 298K, this occurs at E pc = -1.34V vs. Fc/Fc 
(scan rate= 180mVs 1 ). 	Upon lowering the temperature to 
238K and increasing the scan rate to 400mVs 1 , 	this 
reduction shifts cathodically to -2.02V vs. Fc/Fc but 
remains irreversible. Coulometric measurements performed 
on the reduction-by controlled potential electrolysis of 
the complex at -1.35V vs. Ag/AgCI in MeCN (0.1M NBu" 4 BPh 4 
supporting electrolyte) at a platinum basket electrode, 
gives a value for n of ca2.2 electrons, generating a 
yellow solution. This strongly suggests that this 
reduction corresponds to a two-electron process, giving a 
d 8 Rh(l) species. It is highly likely that a Rh(I) 
product generated by the two-electron reduction of 
{Rh([18]aneN 2 S 4 )] 3 would involve co-ordination of the d 8 
ion to a square planar arrangement of four thioether 
donor atoms of the macrocycle, with the N-H functions 
either non-interacting or only interacting weakly at 
long-range. Indeed the x-acidity of the sulphurs would be 
expected to provide enhanced stability of the low-valent 
species. 
This 	reduced species may be active towards 
oxidative 	addition 	reactions 	of 	substrates. 	The 
conformation of the macrocyc.le in the Rh(III) precursor 
may be responsible for the fact that no d 7 Rh(II) 
intermediate could be identified, and, furthermore, a 
square planar Rh(I) 	tetrathia 	macrocyclic 	complex, 
+109,110 
[Rh([14laneS4)] , has been reported previously 
3.2.7: Reaction of RhCI 3 With [18]aneS 6 
A 	wide range of transition metal complexes 
incorporating the hexathia macrocycle {18]aneS 6 have been 
reported 
53-58  In view of the successful synthesis of 
the 	octahedral 	cation, 	[Rh([ 18 ]aneN 2 S 4 )] 3 	described 
above, 	we attempted the synthesis of 	the 	related 
hoinoleptic hexathia complex, 	[Rh([18]aneS6)I3, 	by a 
similar method. 
Treatment of 	[Rh(H20)613* 	with 	one 	molar 
equivalent of 1181aneS6 in refiuxing MeOH/11 2 0 for 5h 
afforded a bright red solution. Addition of excess NH 4 PF 6 
yielded a red precipitate which was recrystallised from 
MeCN. 
The f.a.b. mass spectrum of this product shows a 
molecular ion peak at 	M 	462. 	corresponding 	to 
[ 03 Rh([ 18 ]aneS 6 - H)]. 	We were intrigued by the intense 




-1 )] ,since very recently the deprotonated 
complex, 	[Rh([9]aneS 3 )([9}aneS 3 -H)] 2 	has 	been 
ill 
structurally characterised (Fig. 3.6) 	This 	species 
is formed by deprotonation of a methylene group adjacent 
-92-- 
to S. followed by ring opening, and exhibits a similar 
intense red colouration in solution (A max= 474nm). 
	





2•315 	Q 	 2•344 
2• 
.L6:Single crystal structure  
of [Rh(f91aneS([9]afleSH)i  2+  
-93-- 
We 	proposed 	that 	a 	similar reaction occurs for 
[Rh([ 18 ]aneS,,)] 3 . This was confirmed by an n.m.r. study. 
The 111  n.m.r. spectrum of the red product obtained from 
the 	reaction of Rh(Ill) with [18]aneS 6 is second order, 
with 8=6.69-6.37 (vinyl CH, 1H), 6.18-5.95 	(vinyl 	CH 2 . 
211) 	and 3.88-2.63ppm (CU 2 , 2011) (Fig. 3.7). The 	3C DEPT 
n.m.r. spectrum is consistent with this, showing eleven 
distinct methylene carbon resonances at 8= 127.28 (vinyl 
CH 2 , 1C), 45.07, 43.70, 41.85, 40.89, 39.91, 39.33, 
38.30, 36.94, 36.15 and 30.84ppm (SCI -I 2 CH 2 S, IOC), as well 
as one vinyl CH resonance at 124.71ppm (Fig. 3.8). There 
is no evidence for the presence of other isomers or 
products such as [Rh({18]aneS 6 )] 3 in solution. This 
evidence, together with microanalytical and I.R. 
spectroscopic data, is consistent with the formulation 
[Rh({ 18 ]aneS 6 - H)](PF 6 ) 2 . The proposed mechanism fox the 
deprotonation of [Rh([l8]aneS 6 3 )] 	is 	illustrated 	in 
Fig. 3.9. 
	
13+ 	 12+ 
I-I 	SO." 	..s  
RN (RN 
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deprotonation of [Rh([18]aneS6)] 
Fg3.7: H n.m. r. spectrum of [Rh ([18] aneS6--H) 12+ 
(CD 3 CN, 80.13MHZ) 
(cJ 
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 C DEPT i m. r. spectrum of IRh (I. 181 aneS6-H) 2
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(CD 3 CN, 50.32MUz) 
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3.3: Conclusions 
This chapter has described the synthesis of 
{Co([18]aneN 2 S 4 )1 2 . Electrochemical studies on this 
species reveal that this macrocycle enables stabilisation 
of Co in the +1, +2 and +3 oxidation states. 
The preparation of [Rh({18]aneN 2 S 4 )1 3 	has also 
been achieved. This species represents the first example 
of Rh(III) encapsulated by octahedral co-ordination to an 
18-membered ring macrocycle. Preliminary electrochemical 
studies suggest that generation of a d 8 Rh(I) species can 
be achieved upon reduction of the Rh(111) precursor. This 
species may undergo oxidative addition reactions. 
Finally, 	the 	synthesis of the deprotonated 
species [Rh([18]aneS 6 -H)1 2 has been achieved, 	and this 
product has 	been characterised by n.m.r. spectroscopy. 
Interestingly, at present we have no evidence for the 
occurrence 	of 	a similar deprotonation reaction in 
[Rh({18]aneN 2 S 4 )] 3 . This may be attributed to the 	low 
solubility of the PF 6 salt in aqueous solution. 
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3.4i Experimental 
3.4.1: {Co([18]aneN 2 S 4 )](PF 6 ) 2 
Reaction of Co(NO 3 ) 2 .6H 2 0 (36mg, 0.123mmol) with 
[18]aneN 2 S 4 	(40mg, 0.123mmol) 	in 	refluxing 	EtOH/H 2 0 
(1:1 v.v. , 30m1) 	under 	N2 	for 
	
lh yielded 	a 	purple 
solution. After cooling, 	excess NII 4 PF 6 was added to 
afford 	a purple precipitate. 	Recrystal 1 isat ion from 
aqueous solution gave a deep purple crystalline material 
(Yield: 60mg, 73%). 	Mol. wt. 675.45. 	Elemental 
analysis: found 	C= 20.8, 	H= 3.90, 	N= 4.17, 	S= 19.4%; 
calculated 	for 	[C 12 H 26 N 2 S 4 C0](PF 6 ) 2 : Cr 21.3, 	H= 3.85, 
N= 4.15, 	Sr 19.0%, 	F.a.b. 	mass 	spectrum 	(3-N0Bi 
matrix): found M= 530 and 384; calculated for 
[ 59 Co([18]aneN 2 S 4 )PF 6 ] 	 M= 530, 
.{ 59 Co({18]aneN 2 S 4 )r M= 385. 
LJV/vis 	spectrum 	(MeCN) : max 
 593nm (6 
max
= 68M 1cm- 1) 
534 (73), 298 (2,390), 247 (4,795). 	I .R. 	spectrum 	(KBr 
disc): 	3260m, 	3160m, 2920w, 2880w, 1470m, 1430m, 1415m, 
1385w. 1320w, 1300w, 1285w, 1260w, 1240w, 	1210w, 	1145w, 
1100w, 	1070w, 	1025w, 	101Om, 	980w, 	840vs, 790m, 640w, 
555vs cm
-1 
3.4.2: Single Crystal Structure of 
{Co([18]aneN 2 S 4 )](PF 6 ) 3 .3H 2 0 
Recrystallisation of fCo([18]aneN2S4)1(PF6)2 from 
aqueous solution resulted in aerial oxidation to the 
corresponding Co(III) complex. This product was isolated 
as dark red crystals. A suitable single dark red tablet 
-98- 
was selected for a crystallographic study. 
Crystal Data: 
[C 12 H 26 N 2 S 4 Co](PF 6 ) 3 . 3 U 2 0 	M= 874.45. Monoclinic, 
space group P2 1 /n, a= 11.5485(3), b= 13.9779(2), 
c'19.1378(4), 3=106.56l(2) ° ,V=296l.l 3 	 (by 
least-squares refinement on diffraction angles for 38 
reflections 	measured at +w 	[30<20<32 0 , A= 0.71073A1), 
= 4, D = 1.96gcm 3 . Crystal dimensions 0.70x0.45x0.25mm, 
(Mo-Ka)= 10.84cm 1 , F(000)= 1760. 
Data Collection and Processing: 
Ste 	STADI-4 	four--circle 	diffractometer, o120 
scan 	mode 	with w scan-width . 	(1.05±0.347tan0)
0 
. 
Graphite-monochromated Mo-Ka radiation, 4079 	reflections 
measured 	(2 0 
max= 450, 	
h 	-1211, k 0 	15 , 1 020) 
giving 3297 with F>6c(F). No significant 	crystal 	decay, 
no absorption correction. 
Structure Analysis and Refinement: 
The 	Co atom was located using a Patterson 
synthesis, 	and 	successive 	cycles 	of 	least-squares 
refinement and difference Fourier synthesis identified 
the positions of all other non-H atoms. 	The 	cation and 
the three PF 6 	anions were well ordered. Three fully 
occupied H 2 
 0 solvent molecules were 	found 	to 	be 
associated 	per 	cation. 	These were refined with the 0-1-i 
bond 	lengths 	fixed at 0.96A and the 	H-0-11 	angle 
-99- 
tetrahedral. 	Anisotropic thermal parameters were refined 
for all non-H atoms. 	H-atoms were included in fixed, 
calculated 	positions. 	The 	weighting 	scheme 
w= a 2 (F)+0000257F 2 	gave 	satisfactory 	agreement 
analyses. 	At 	final 	convergence, R= 0.0397, R= 0.0549, 
S= 1.234 for 406 independent parameters, 	and the final 
difference Fourier synthesis showed no feature above 0.73 
O_3 
or below 0.37eA 
3.4.3: {Rh([ 18 ]aneN 2 S 4 )1(PF 6 ) 3 
RhCl 3 .3H 2 0 	(40mg, 0.152mmol.) 	and 	T1PF 6 
(175mg, 0.501mmol)were refluxed for 3h under N 2 to give a 
yellow solution and a white precipitate. 	After cooling, 
the T1CI precipitate was removed by filtration. 
[181aneN 2 S 4 (45mg, 0.138mmol) was added to the yellow 
filtrate, and the resulting mixture was refluxed under N 2 
for a further 18h, to give a pale yellow solution. 
Removal of the MeCN and recrystallisation from MeCN/EtOH 
yielded the product as orange crystals 
(Yield: 71mg, 54). Mol. wt. 864.38. Elemental 	analysis: 
found 	C= 16.4, 	11= 2.89, 	N= 3.37%; 	calculated 	for 
11C12H26N2S4Rh1(PF6)3: C=16.7, 11=3.03, N=3.2496. 	F.a.b. 
mass spectrum 	(3-NOBA matrix): 	found M= 719. 573 and 
427; calculated for 
[ 103 Rh([18]añeN 2 S 4 )(PF 6 ) 2 ] 	 M= 719, 
[103Rh([18]aneN2S4)PF61 	 M= 574, 
[103Rh([181aneN2S4)I 	 M 4 = 429. 
I.R. spectrum (KBr disc): 	3240m, 	3080w, 	2980w, 	2880w, 
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1465m. 	1420m, 	1380w, 1290w, 1230w, 1210w, 1175w, 1140rn, 
1065w, 1020w, 1000w, 970w, 840vs, 740m, 555vs, 495w cm- 1. 
3.4.4:[Rh([18]aneN 2 S 4 )](BPh 4 ) 3 
Treatment of RhC1 3 .3H 2 0 with three equivalents of 
AgNO 3 in refiuxing 1120  for 5h under N 2 affords a bright 
yellow solution of [Rh(H 2 0) 6 ](NO 3 ) 3 and AgCJ precipitate 
which can be removed by filtration. 
Reaction of 	[Rh(H20)6](NO3)3 	(0.13mmol 	in 5m1 
H 2 0) with [18]aneN 2 S 4 (40mg, 0.123mmol) in refluxing MeOH 
(40m1) for 2h under N 2 afforded a bright yellow solution. 
After cooling, excess NaBPh 4 in H 
2 
 0 was added to give a 
yellow precipitate. Recrystallisation from acetone/H 2 0 in 
the presence of NaBPh 4 and then from MeCN/H 2 0 gave the 
product as an orange precipitate (116mg, 68%). 
Mol. wt. 1387.2. F.a.b. mass 	spectrum 	(3-NOBA 	matrix): 
found 	M =427: 	calculated 	for 	[ 103 Rh([ 18 ]aneN 2 S 4 )] 
M= 429. 	H n.m.r. 	spectrum 	(80.13MHz. 	CD3NO 2 , 	298K): 
5= 2.0-3.9 (br. m. CR 2 , 24H). 6.8-8.Oppm (m, BPh 4 , 60H). 
I.R. 	spectrum 	(KBr 	disc): 3200vs, 3020m, 3010w, 2990m, 
2970w, 2960w, 2910w, 1950w, 1900w, 1820w, 	1570m, 	1470m, 
1420m, 1385m, 1300w, 1260w, 1180m, 1145m, 1120w. 1060w, 
1020m, 990w, 910m, 860w, 840m, 740vs, 710vs, 705vs, 620m, 
590m, 485m, 460m cm 1 . 
3.4.5: Single Crystal Structure of 
[Rh([18IaneN 2 S 4 )](PF 6 ) 3 .3H 2 0 
Recrystallisation of the complex from aqueous 
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solution 	yielded 	orange plates 	suitable 	for a 
crystallographic study. 
Crystal Data: 
[C 12 H 26 N 2 S 4 Rh1(PF 6 ) 3 .3H 2 0 M= 918.42. 	Monoclinic, 
space group P2 /n, a= 11.7097(12). b= 13.9470(11), 
0 	 o 	 03 c= 19.1954(17)A, 3= 107.048(6) 0 V= 2997.1A 	 (by 
least-squares refinement on diffraction angles for 35 
	
o 	 0 
reflections measured at ±w 	134<20<35 A= 0.71073A]), 
•= 	, 	= . 
	2.035gcm 3 . 	Crystal 	dimensions 
0.62x0.62x0.15mm, 	(Mo-Ka)= 10.62cm 1 , F(000)= 1832. 
Data Collection and Processing: 
Ste STADI-4 	four-circle 	diffractometer. 0)128 
scan 	mode 	using 	the 	learnt-profile 	method. 
Graphite-monochromated Mo-Ka radiation, 4424 reflections 
measured 	(29 	
= 450 	:.h -l2---12, 	k 0-14, 1 0-20) 
max 
giving 4125 with F>6a(F). No significant 	crystal 	decay, 
no absorption correction. 
Structure Analysis and Refinement: 
The 	Rh atom was located using a Patterson 
synthesis, and successive cycles of least-squares 
refinement and difference Fourier synthesis identified 
the positions of all other non-H atoms. During refinement 
SOME, disorder of one of the PF 6 counter ions was 
observed. 	This was modelled successfully using partial F 
atoms, such that there was 	a total 	of six F atoms 
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associated with the P atom. 	Three fully occupied H 
2 
 0 
solvent molecules were found to be associated per cation, 
however, the protons on these could not be located. 
Anisotropic thermal parameters were refined for Rh, S. P, 
0, N and all fully occupied F atoms. Macrocyclic H atoms 
were included in fixed, calculated positions. The 
weighting scheme w'= a 2 (F)+O.007342F 2 gave satisfactory 
agreement analyses. At final convergence, R= 0.0618, 
0.0978, S= 1.460 for 384 independent parameters, and 
the final difference Fourier synthesis showed no feature 
0-3 
above 1.39 or below 1.14eA 
3.4.5: 	[Rh([18]aneS 6 - i-1 )}(PF 6 ) 2 
	
RhC1 3 .3H 2 0 	(0.152mmol) in 1120  (6m1) was added to 
a 	refluxing 	solution 	containing 	[18]aneS 6 
(55mg, 0.152mmol) 	in MeOFI 	(40ml). The reaction mixture 
was refluxed for lOh under N 2 , 	to give a bright red 
solution. 	Addition of exces.s NH 4 PF 6 afforded a red 
precipitate 	which 	was 	recrystallised 	from 	MeCN 
(Yield: 65mg, 57%). 	Mol. wt. 752.50. Elemental analysis: 
found 	C= 19.3, 	H= 3.08%; 	calculated 	for 
[C 12 H 23 S 6 Rh1(PF 6 ) 2 : 	C= 19.2, 	H= 3.08%. 	F.a.b. 	mass 
spectrum (3-NOBA matrix): found M= 462; 	calculated for 
[ 103 Rh([l8]aneS 6 -H)] 	M= 462. 1 H 	n.m.r. 	spectrum 
(80.13MHz. 	CD3 CN, 	298K): ö= 6.69-6.37 	(m, 	CH, 	1H) 
6.18-5.95 (m, CH, 211), 3.88-2.63ppm (CH 2'  20H) . 
	DEPT 
n.m.r. 	spectrum (50.32MHz. CD 3 CN, 298K): 5= 127.28 (CH 2 , 
1C), 124.71 (CU. 1C), 45.07, 43.70, 41 .85, 40.89, 	39.91, 
ammis  
39.33, 	38.30, 	36.94, 36.15, 30.84ppm (CH 
2' 
 bC). UV/vis 
spectrum 	(MeCN): A max = 475nm 	 (E max = 271M ' cm - 1 ), 
268 (300,004). 	I.R. 	spectrum 	(KBr disc): 3000m, 2950m, 
1435m, 1410w, 1380m, 	1280w, 	960w, 	930w, 	925w, 	840vs, 
745w, 670w, 600w, 555vs. 425w cm- 1. 
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CHAPTER 4 
Stereochemical and Redox Properties of 
Palladium and Platinum Complexes of 
[18JaneN 2 S 4 and Me2[l8ianeN2S4 
4.l Introduction 
Pd and Pt are particularly useful metal centres 
with which - to monitor the co-ordinative flexibility of 
macrocyclic ligand systems, since they have the potential 
to exhibit multi-electron redox behaviour with widely 
differing stereochemical requirements. The preferred 
geometries for the 0, +2, +3 and +4 oxidation states are 
tetrahedral, square planar, tetragonally-elongated and 
octahedral respectively. 
The chemistry of Pd and Pt is dominated by the d 8 
-4-2 	oxidation 	state. A few examples of Pd(l) and Pd(III) 
complexes have been reported. However, these species 
occur almost exclusively as metal-metal bonded dimers 
(Chapter 5). The literature relating to genuine monomeric' 
M(I) and M(III) species (M= Pd. Pt) is extremely 
sparse 
112-119 
 As a result, the design of ligand systems 
capable of stabilising these unusual oxidation states has 




have 	recently 	reported 	Pd(I) 
mononuclear species which have been electrogenerated from 
,f-complexes 	of 	the 	type 	[Pd(C 5 Ph 5 )(L)], 	(L= 
c y ci o oct ad i en e. 	 no r b o r na di e tie 	 or 
dibenzocyclooctatetraene) 
The effectiveness of homoleptic polythia and 
Do].yaza 	macrocyclic 	co-ordination 	in 	stabilising 
115,120,121 	 122 
Pd(III) 	 and Pt(III) 	has been demonstrated 
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recently 	by 	the Edinburgh group. 	[Pd({ 9 ]aneN 3 ) 2 ] 2 
exhibits 	a 	reversible 	Pd(Ii)/(III) 	redox 	couple 	at 
E 112 = 0.07V vs. 	Fc/Fc. 	The 	single crystal X-ray 
structure 	of 	the 	air-stable 	oxidation 	product, 
[Pd([9]aneN 3 ) 2 1 3 	has been obtained (Fig. 4.1). It shows 
two tridentate macrocycles binding facially to 	the 
Pd(ill) 	ion via all six nitrogen-donor atoms, to give a 
tetragonally 	elongated 	geometry, 	[Pd-N(1)= 2.180(9), 
Pd-N(4)= 2.118(9), 	Pd-N(7)= 2.111(9)i 121 
	
A 	similar 
stereochemistry has been observed for the thia analogue, 
[Pd([9]aneS 3 ) 2 ] 3 , 	 [Pd-S(1)=2.5448(15), 
Pd-S(4)= 2.3558(14), Pd-S(7)= 2.3692(15)]., confirming 	a 
preference for Pd(III) to adopt a Jahn-Teller elongated 
geometry 115 The Pd(II)/(III) 	oxidation potential 	for 
{Pd([9]aneS 3 ) 2 ] 2, 	(E 1/2 = ±0.605V vs. 	Fc/Fc) 
120, 
is 
rather more anodic than for the tri-aza system. This is 
attributed to the softness of the sulphur-donors over 
nitrogen. The analogous Pt(II) complex, Pt([9JaneS 3 ) 2 ] 2 
exhibits a reversible Pt(II)/(III) redox couple at 	E 1/2 = 
+0.39V vs. Fc/Fc 122: Stabilisation of Pd(III), Pt(III) 
and Pt(IV) can also be achieved by the related hexathia 
macrocycle, [18aneS6 123 The accessibility of the +3 
and +4 oxidation states in these systems is attributed to 
the structurally accommodating nature of these l.igands, 
which enables them to modify their binding mode to 
conform to the stereochemical requirements of each 
different d"-configuration. 
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4.1:Single crystal structure of [Pd({9]aneN)1 3 
3+ 
Generation of mononuclear Pd(I) has been achieved 
by 	incorporation of 	tetra-aza 	lonophores. 	[Pd(L)J 2 
complexes exhibit reversible Pd(II)/(I) redox couples 	at 
E 12 r -2.10, 	-1.53 	and 	-1.27V vs. 	Fc/Fc 4 	for 
L= [14]aneN 4 , 	Me4 (l4laneN 4 	and 	Bz 4 [14]aneN 4 
respectively 119 
	(see also Chapter 	7) . 	These redox 
couples all occur at rather negative potentials. 
In view of these results, we undertook a study of 
the co-ordination-of the potentially hexadentate. mixed 
sulphur and nitrogen-donor 18--membered ring macrocycles, 
[18]aneN 2 S 4 and Me 2 [18]aneN 2 S 4 . with Pd(II) and Pt(II). 
We were particularly interested in monitoring the 
co-ordinative flexibility of these large ring systems, 
especially since the stereochemical requirements of the 
ligands and 	metal(II) 	Species 	are 	not 	mutually 
compatible. 	The co-ordination chemistry of these mixed 
donor macrocycles with Pd(II) and Pt(II) 	has not been 
explored previously. 	A discussion of 	the 	literature 
relating to these systems is given in Chapter 2. 
A few examples of mixed N and S-donor macrocyclic 
complexes 	incorporating 	Pd(I1) 	have 	been 
125 
reported 124,125. 	However, 	most of these bind two metal 
Ei 
centres within the macrocyclic cavity to give binuclear 
species 124 The Pd(II) complex, (1), represents one of 
only a few mononuclear complexes in which Pd(II) is bound 
to a mixed N and S-donor macrocycle. The single crystal 
X-ray structure of this cation shows Pd(II) on an 
inversion centre and co-ordinated in a distorted square 
planar arrangement of the two S and two N-donor atoms 
0 	125 
[Pd-S= 2.307(1), Pd-N= 2.047(4)Ai 
This chapter 	describes 	the 	synthesis 	and 
characterisation of mononuclear and binuclear Pd(II) and 
Pt(II) 	complexes 	incorporating 	[18]aneN 2 S 4 	and 
Me 2 (l8JaneN 2 S 4 . 	A full electrochemical study of the 
mononuclear Pd species is also presented. 
12+ 
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4.2: Results and Discussion 
4.2.1: [Pd( [18]aneN 2 S 4 )J (PF6) 2 
Reaction of PdC1 2 with one molar equivalent of 
[18}aneN 2 S 4 in refluxing MeCN in the presence of ca 2.2 
molar equivalents of T1PF 6 gave a purple solution and 
white T1CI precipitate which was removed by filtration. 
Removal of the solvent from the filtrate yielded a blue 
solid which was recrystallised from H 
2 
 0 to afford a dark 
blue product. 
The f.a.b. mass spectrum of the complex shows 
peaks with the appropriate 	isotopic distribution at 
4= 577 and 431 due to 	[ 106 M 	 Pd([18}aneN 2 S 4 )PF 6 1 	and 
1 106 Pd([18]aneN 2 S 4 -H)i 	respectively. 	On the basis of 
this data together with microanalyses and I.R. 
spectroscopy, the product was assigned the formulation 
{Pd([ 18 ]aneN 2 S 4 )}(PF 6 ) 2 . The 13 C DEPT n.m.r. spectrum 
measured at 298k, exhibits broad, ill-resolved resonances 
indicative of an averaging process in solution. Cooling 
to 208k does not freeze out this process sufficiently to 
enable its characterisation. The 'H n.m.r. spectrum at 
298K is also broad. The second order multiplet at 
ö= 3.56-2.70ppm, corresponds to the macrocyclic methylene 
protons, and the resonance at 5= 5.00ppm is assigned to 
the N-H functions, on the basis of its disappearance 
after a D 
2 
 0 shake. Cooling this sample to 243K leads to 
sharpening of the methylene proton signals. 
ô= 3.41-2.75ppmJ. 	The 	UV/vis 	spectrum 	of 
-109- 
[Pd([18)aueN2S4)](PF6)2 	shows 	several 	intense 
charge-transfer 	 transitions 	 at A max = 322nm 
	
max= 2,815M 1 cm 1 ), 266 (7,910) 	and 	233 (12,140). 	In 
addition, 	a 	low-intensity transition 	is observed at 
514nm (124), assigned to a d-d transition. 	This band 
occurs at much 	lower energy than is usual for Pd(II) 
bound to nitrogen or sulphur. Furthermore, the nature of 
this 	band 	is 	similar 	to 	that 	observed 	for 
[Pd([ 9 ]aneS 3 ) 2 } 2 	(A= 615nm 	max= 54M
1 cm 1 )). 	The 
single crystal 	structure of 	[Pd([9]aneS 3 ) 2 ] 	shows a 
very unusual geometry for 	the 	d8 	Pd(II) 	centre 
(Fig. 4.2) 120 
	with the cation adopting a distorted 
octahedral stereochemistry, {Pd_Seq= 2.332(3), 2.311(3) 
and PdSap=  2.952(4)Ai. The low energy of the d-d 
transition in this species is attributed to the 
interaction of the axial sulphur-donor atoms with the 
metal centre. The availability of up to six donor atoms 
in [Pd([18]aneN 2 s 4 )j 2 led us to suggest that a similar 
unusual stereochemistry may account for its electronic 
spectrum. 	In order to elucidate the stereochemistry and 
co-ordination sphere around the Pd(II) centre, 	a single 
crystal X-ray structural determination was undertaken. 
4.2:Siugle crystal structure 
2+ 	of 	Pd([9]aneS 3 ) 2 ] 2 
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4.2.2: Single Crystal Structure of 
FPd([ 18 ]aneN 2 S 4 )](BPh 4 ) 2 
Details of the structure solution are given in 
the Experimental Section. Selected bond lengths, angles 
and torsions are presented in Tables 4.1, 4.2 and 4.3 
respectively. ORTEP plots showing the structure of the 
cation are shown in Figs. 4.3 and 4.4. 
Green 	columnar 	crystals 	were 	obtained by 
metathesis of the PF 6 salt of the complex with NaBPh 4 in 
H 2 0, followed by recrystall.isation from MeNO 2 . The 
structure shows the Pd(II) ion co-ordinated to an N 2 S 
 2 
donor-set in a square planar configuration. 
	
Pd-S(1)'=2.311(3), 	 Pd-N(7)=2.123(7), 
0 
Pd-S(13) 	2.357(3), 	Pd-N(16)=2.068(7)A]. 	with 	S(l). 
N(16), S(13) binding meridionally to the metal centre, as 
found for the octahedral complexes with this macrocycle 
(Chapters 2 and 3). The two remaining thioether-donors 
interact at long-range with the metal centre. 
0 
lPd ... S(1O)=2.954(4). 	Pd ... S(4)=3.000(3)A], 	and 	are 
displaced from the least-squares Pd-S(1)-N(7)-S(13)-N,(16) 
0 
plane 	by 	+2.863 	and 	-2.901A 	respectively. 	The 
S(4)-Pd-S.(10) angle is 158.94(9) ° . The stereochemistry at 
Pd(II) is therefore distorted octahedral, with a formal 
N 
2 S 
 2 + S 2 co-ordination sphere. The approach of the two 
thioether-donors at long-range is probably responsible 
0 
for the difference 	in Pd-N bond lengths (0.055(10)A). 
Elongation of the Pd-N(7) 	bond length may provide a 
mechanism for the averaging process observed in solution. 
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Interestingly, 	[Pd({18]aneS 6 )] 2 	exhibits 	a different 
stereochemistry 126 
	with the macrocycle adopting an 
S-shaped double boat conformation involving a long-range, 
weak 	interaction 	of 	the 	two apical S-donors as 
0 
illustrated 	in 	Fig. 4.5, 	(Pd-S ap = 3.2730(17)A, 
0 
Pd-S eq = 2.3114(14), 2.3067(15)A1. 
Fig. 4.5:Single crystal structure 
of 	Pd([ 18 ]aneS 6 )i(BPh 4 ) 2 
-112- 
•1 .. 
Fig4.3:View of the single crystal 
structure of [Pd([i8JaneNsfl 
12+ 
Fig._4.4:Alternative view of the single 	
2+ crystal structure of [Pd([18]an(!N2 S 4 )] 
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Single Crystal Structure of 
[Pd( [18]aneN 2 S 4 ) } (BPh4) 2 
Table 4.1: Selected Bond Lengths() with e.s.d.'s 
Pd(1) - 	 S(l) 
Pd(l) - 	 S(4) 
Pd(1) -S(10) 
Pd(l) -S(13) 
Pd(1) - 	 N(7) 
Pd(l) -N(16) 
5(1) - 	 C(2) 
5(1) -C(18) 
S(4) - 	 C(3) 
S(4) - 	 C(5) 
S(10) - 	 C(9) 
S(10) -C(11) 
2.311(3) S(13) -C(12) 1.815(14) 
3.000(3) S(13)  1.810(11) 
2.954( 	4) N(7) C(6) 1.472(12) 
2.357( 	3) N(7) - 	 C(8) 1.481(12) 
2.123(7) N(16)  1.487(13) 
2.068(7) N(16)  1.463(14) 
1.778(11) C(2) -C(3) 1.545(16) 
1.835(12) C(5) -C(6) 1.523(14) 
1.798(12) C(8) -C(9) 1.512(15) 
1.806(11) C(11) -C(12) 1.493(20) 
1.795(12) C(14) -C(15) 1.506(16) 
1.788(15) C(17)  1.497(16) 
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Table 4.2: Selected Angles( °) with e.s.d.'s 
S(l)-Pd(l) -S(4) 81.55(9) C(9)-S(10)-C(11) 104.2(6) 
S(1)-Pd(1) -S(10) 101.52(10) Pd(1)-S(13)-C(12) 110.6(4) 
S(1)-Pd(1) -S(13) 169.54(10) Pd(1)-S(13)-C(14) 98.5(. 4) 
S(1)-Pd(1) -N(7) 93.93(19) C(12)-S(13)-C(14) 102.8(6) 
S(1)-Pd(l) -N(16) 85.16(21) Pd(1)-N(7) 	-C(6) 112.7(5) 
S(4)-Pd(1) -S(10) 158.94(9) Pd(1)-N(7) 	-C(8) 115.0(5) 
S(4)-Pd(1) -S(13) 100.05(9) C(6)-N(7) 	-C(8) 108.7(7) 
S(4)-Pd(1) - 	 N(7) 78.68(19) Pd(1)-N(16)-C(15) 109.4(6) 
S(4)-Pd(l) -N(16) 101.29(20) Pd(1)-N(16)-C(17) 112.1(6) 
S(10)--Pd(1) -S(13) 80.75(9) C(15)-N(16)-C(17) 113.2(8) 
S(10)-Pd(1) -N(7) 80.31(19) S(1)-C(2) 	-C(3) 118.7(8) 
S(10)-Pd(1) -N(16) 99.73(21) S(4)-C(3) 	-C(2) 117.9(8) 
S(13)-Pd(1) -N(7) 96.51(19) S(4)-C(5) 	-C(6) 115.8(7) 
S(13)-Pd(1) -N(16) 84.39(21) N(7)-C(6) 	-C(5) 114.3(8) 
N(7)-Pd(1) -N(16) 179.1(3) N(7)-C(8) 	-C(9) 114.3(8) 
Pd(1)-S(1)  110.5(4) S(10)-C(9) 	-C(8) 119.4(8) 
Pd(1)-S(1) -C(18) 97.0(4) S(10)-C(11)-C(12) 120.7(10) 
C(2)- 	S(1) -C(18) 101.6(5) S(13)C(12)-C(11) 118.2(10) 
Pd(l)-S(4)  94.8(4) S(13)-C(14)-C(15) 111.3(8) 
Pd(1)-S(4) -C(5) 87.4(3) N(16)-C(15)-C(14) 110.2(9) 
C(3)-S(4) -C(5) 101.6(5) N(16)-C(17)-c(18) 108.6(9) 
Pd(1)-S(10) - 	 C(9) 86.7(4) S(1)-C(18)-C(17) 105.8(8) 
Pd(1)-S(10) -C(11) 96.9(5) 
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Table 4.3: Selected Torsion Angles( 
0
) with e.s.d.'s 
C(18) - S(1) 
C(6) - N(7) 
- S(1) 
C(17) -N(16) 
C ( 5 ) - S(4) 
C(15) -N(1.6) 
- S(4) 
S(l) - C(2) 
-S(10) 
S(4) - C(5) 
C(9) -S(10) 





C ( 8 ) - N(7) 
























































4.2.3: [Pt ([18] aneN 2 S 4 ) ] (PF6) 2 
	
The 	yellow 	complex, [Pt([18]aneN 2 S 4 )](PF 6 ) 2 has 
been prepared by the same method as for the Pd analogue. 
This species shows peaks in the f.a.b. mass spectrum with 
the correct isotopic distribution at M= 667 and 521, 
assigned to [ 195 Pt([18}aneN 2 S 4 H)PF 6 ] and 
[195Pt([18]arieN2S4)] 	respectively. 	The 	complex was 
assigned on the basis of this data together with I.R. and 
microanalytical data. The 111  n.m.r. spectrum exhibits 	an 
N-H resonance at 5= 5.68ppm, as well as a broad, 
second-order multiplet due to the macrocyclic methylene 
protons in the range ô= 2.84-3.42ppm. The 13 C DEPT n.m.r. 
spectrum measured at 298K, 50.32MHZ, shows six broadened 
methylene carbon resonances at ô= 55.39 (two overlapping 
NCH 2 resonances), 53.11 (NCH 2 ), 36.84,. 34.74 and 28.08ppm 
(3xSCH 2 ). Remeasuring the sample using a higher field 
strength, 	(90.56MHZ, 	in 	(CD 3 ) 2 C0), 	clarifies 	the 
spectrum, 	revealing 	methylene carbon resonances at 
6=56.1 (2C, NCH 2 ), 53.8(2C, NCH 2 ), 	46.6, 	42.0, 	38.3; 
37.3 , 	35.3 	(2C) , 	28.2 and 26. 3ppm (total of 8C, ScH 2 
These data are consistent with a distorted 5-co-ordinate 
square-based pyramidal stereochemistry around Pt(II), 
involving primary N 2 S 
 2 co-ordination, with one axial 
S-donor and 	the other S-donor 	dangling (Fig. 4.6). A 
single crystal 	X-ray 	structural 	determination 	of 
[Pt([ 18 ]aneN 2 S 4 )] 2 would be required to confirm this. An 
elongated 	square-based 	pyramidal geometry has been 
observed 	for 	[Pt([9]aneS 3 ) 2 ] 2 	(Fig. 4.7) 122, 
-117- 
00- 
eq 	 ap 
[Pt-S = 2.25-2.30A, 	Pt-S 	= 2.88A]. 	The 	sixth 
thioether-donor atom is not co-ordinated to the metal 
centre [Pt 	S'= 4.04A]. 
Fig_4j:Sing1e crystal 	2+ 
structure of [Pt([9]aneS 3 ) 2 ] 
	
FJg.4.6:Proposed structure 	2+ 
of [Pt([18]aneN 2 S 4 )I 
4.2.4: [Pd(Me 2 [18]aneN 2 S 4 )](PF 6 ) 2 
Treatment of PdC1 2 with one molar equivalent of 
Me 2 {18]aneN 2 S 4 in refluxing MeCN/H 2 0 affords an orange 
solution. Addition of excess N1-1 4 PF 6 gave an orange 
product which was recrystailised from MeCN. 
The f.a.b. mass spectrum of the product exhibits 
molecular ion peaks at M+=  604 and 460 corresponding to 
[ 106 Pd (Me 2 [18] aneN 2 S 4 -If) PF 6 ] 
and 	[ 106 Pd(Me 2 [18]aneN 2 S 4 )] 	respectively. 	These data 
together with microanalyses and I.R. spectroscopy confirm 
the formulation [Pd(Me 2 [18]arieN 2 S 4 )](PF 6 ) 2 . The 1 H n.m.r. 
spectrum of the complex shows a singlet at ô= 2.48ppm due 
to the methyl protons. A complex, seccnd-order multip.Iet 
is apparent in the range 6= 2.68-3.50ppm arising from the 
methylene protons. 13 C DEPT n.m.r. spectroscopy of 
[Pd(Me 2 [18]aneN 2 S 4 )] 2 	shows four distinct resonances at 
6= 49.87, 40.31, 39.40 (CH 2 ) and41.57ppm (CH 3 ). These 
12+ 
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data confirm the presence of only one isomer in solution. 
and are consistent with a square planar stereochemistry 
around the Pd(II) centre. In view of the unusual geometry 
observed for [Pd([18]aneN 2 S 4 )] 2 , it was important to 
confirm the stereochemistry adopted by this 
di-N-methylated analogue, and also to determine the 
precise donor-set to the Pd(II) ion. A single crystal 
X-ray structural determination was therefore undertaken. 
4.2.5: Single Crystal Structure of 
	
[Pd (Me 2  [ 18  j aneN2S4)  ] ( 	. Me 2 CO 
Details of the structure solution are given in 
the 	Experimental Section. Bond lengths, 	angles and 
torsions are listed in Tables 4.4, 4.5 and 4.6 
respectively, and two ORTEP plots showing the cationic 
geometry are presented in Figures 4.8 and 4.9. 
The structure of [Pd(Me 2 [l8JaneN 2 S 4 )](PF 6 ) 2 .Me 2 CO 
is markedly different from that determined for the 
non-methylated analogue. It shows square planar 
co-ordination of the four thioether-donors 	of 	the 
macrocycle 	to 	the 	Pd(II) 	ion, 	[Pd-S(1)= 2.3399(22), 
Pd-S(4)=2.3331(22), 	 Pd-S(10)=2.3261(22), 
Pd-S(13)= 2.3239(21)]. 	The 	two N-Me functions 	are 
orientated away from, and do not interact with, the metal 
centre, [PdN(7)-=3.744(7), Pd 	N(16)=3.76O(6)]. The 
macrocycle, therefore, co-ordinates to the Pd(II) 	centre 
as a simple tetradentate thioether-donor. 
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Fig. 4.8:View of the single crystal 	2+ 
structure of 	Pd(Me 2 [1 8 ]afleN 2 S 4 )i 
Fig. 4.9:Alternative view of the single 	 2+ 
crystal structure of [Pd(Me 2 [18]aneN 2 S 4 )] 
12+ 
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Single Crystal Structure of 
[Pd (Me 2 [ 18] aneN 2 S 4 ) ](PF 6 ) 2 . (CH 3 ) 2 C0 
0 
Table 4.4: Selected Bond Lengths(A) with e.s.d.ts 
Pd- S(1) 2.3399(22) N(7) -C(7N') 1.467(24) 
Pd-S(13) 2.3239(21) N(16) -C(15) 1.450(12) 
Pd-S(4) 2.3331(22) N(16) -C(15') 1.47(3) 
Pd -S(10) 2.3261(22) N(16) -C(17) 1.467(11) 
S(1) - 	 C(2) 1.810(10) N(16) -C(17') 1.47(3) 
S(l) -C(18) 1.816(8)- N(16) -C(16N) 1.462(14) 
S(13)-C(12) 1.818(9) N(16) -C(16') 1.47(4) 
S(13)-C(14) 1.827(9) C(2) -C(3) 1.515(13) 
S(4) - 	C(3) 1.809(9) C(5) -C(6) 1.533(15) 
S(4) -C(5) 1.842(9) C(S) -C(6') 1.557(20) 
S(10)- C(9) 1.840(9) C(8) -C(9) 1.547(14) 
S(10)-C(11) 1.815(10) C(8t) -C(9) 1.537(20) 
N(7)-C(6) 1.469(14) C(1i) -C(12) 1.488(13) 
N(7) -C(6') 1.468(19) C(14) -C(15) 1.535(13) 
N(7) -C(8) 1.455(13) C(14) -C(15') 1.53(3) 
N(7) -C(8') 1.482(19) C(17) -C(18) 1.521(12) 
N(7) -C(7N) 1.469(18) C(17')-C(18) 1.55(3) 
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- 	 0 
Table 4.: Selected Angles( ) with e.s.d.'s 
S(l) 	- Pd -S(13) 90.59( 7) C(15) -N(16) -C(16N) 115.2( 	7) 
S(1) 	- Pd-S(4) 89.21(8) C(15')-N(16) -C(17') 115.5(16) 
S(l) 	- Pd -S(10) 179.43(8) C(15')-N(16)  101.4(19) 
S(13)- Pd--S(4) 179.52(8) C(17) -N(16)  51.1(12) 
S(13)- Pd-S(10) 89.00(8) C(17) -N(16) -C(16N) 109.2(7) 
S(4) 	- Pd-S(10) 91.21(8) C(17')-N(16) -C(16') 118.8(19) 
Pd 	- S(1) C(2) 101.1( 3) S(1) - 	 C(2) - 	 C(3) 111.6( 	7) 
Pd - 5(1) -C(18) 109.7( 3) S(4) - 	 C(3) - 	 C(2) 111.0( 	6) 
C(2) 	- S(1) -C(18) 98.4( 4) S(4) - 	 C(5) - 	 C(6) 105.6( 	7) 
Pd 	-S(13) -C(12) 101.8( 3) S(4) - 	 C(5) -C(6') 108.4( 	8) 
Pd 	-S(13) -C(14) 109.4( 3) N(7) - 	 C(6) - 	 C(S) 108.5( 	9) 
C(12)-S(13) -C(14) 98.0(4) N(7) -C(6') -C(5) 107.4(12) 
Pd 	- S(4) - 	 C(3) 101.2( 3) N(7) -C(6') - 	 C(8) 59.2( 	8) 
Pd - S(4) - 	 C(S) 107.6( 3) N(7) - 	 C(8) - 	 C(9) 108.8( 	8) 
C(3) 	- S(4) - 	 C(S) 99.0( 4) N(7) -C(8') - 	 C(9) 108.0(12) 
Pd 	-S(10) - 	 C(9) 107.8( 3) S(10) - 	 C(9) - 	 C(8) 110.9( 	6) 
Pd-S(10) -C(11) 102.2(3) S(10)  -C(12) 112.1(7) 
C(9) 	-S(10) --C(11) 98.3(4) S(13)  -C(11) 112.3(6) 
C(6) 	- N(7) - 	 C(8) 111.3( 8) S(13)  -C(15) 109.4( 	6) 
C(6) 	- N(7) -C(7N) 107.0(9) N(16)  -C(14) 110.1(8) 
C(6')-N(7) -C(8') 114.1(11) N(16) -C(15')-C(14) 108.8(17) 
C(6')- N(7) -C(7N')119.1(12) N(16)  -C(18) 110.2(7) 
C(8) 	-N(7) -C(7N) 115.6(9) N(16) -C(17')-C(18) 108.6(18) 
C(8)-N(7) -C(7N) 68.3(10) S(1)  -C(17) 106.6(6) 
C(8)- N(7) -C(7N')107.1(12) S(1) -C(18) -C(17') 108.2(11) 
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Table 4.6: Selected Torsion Angles( o ) with e.s.d.'s 
C(18) -5(1) - 	 C(2) -C(3) -70.6( 	7) 
C(7N')-N(7) -C(8) -C(9) -168.1(13) 
C(2) - 	 S(l) - 	 C(18) -C(17) -150.8( 	6) 
C(17) -N(16)-C(15) -C(14) 157.7(7) 
C(2) - 	 S(l) - 	 C(18) -C(17') 157.9(12) 
C(16N)-N(16)--c(15) -C(14) -76.2(10) 
C(14) -S(13) - 	 C(12) -C(ll) 71.4( 	7) 
C(17')-N(16) - 	 C(15')-C(14) 57.9(22) 
C(12) -S(13) -C(14) -C(15) -161.7(6) 
C(16')-N(16)-C.(15t)-C(14) -172.2(20) 
C(12) -S(13)-C(14) -C(15') 146.5(11) 
C(15) -N(16) -C(17) -C(18) -67.2(9) 
C(S) -S(4) - 	 C(3) -C(2) -67.1( 	7) 
C(16N)-N(16) - 	 C(17) -C(18) 163.4(8) 
C(3) S(4) -C(S) -C(6) -148.2(7) 
C(15')-N(16) - 	 C(17')-C(18) -158.8(16) 
C(3) -S(4) - 	 C(5) -C(6') 159.8( 	9) 
C(161)-N(16) - C(17')-C(18) 80.4(25) 
C(11) -S(10) 	- C(9) -C(8) -159.2( 	7) 
S(1) -C(2) 	-C(3) -S(4) -59.1(8) 
C(ll) -S(10) 	- C(9) -C(8') 147.0( 	8) 
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Table 4.6: continued 
S(4) -C(5) - 	C(6) -N(7) -52.4( 	9) 
C(9) -s(10)  -C(12) 70.8(7) 
S(4) -C(5) - 	C(6') -N(7) 46.6(12) 
C(8) -N(7) -C(6) -C(5) -66.2(10) 
N(7) -C(8) - 	C(9) -S(10) -45.2( 	9) 
C(7N) -N(7) -C(6) -C(S) 166.7(9) 
N(7) -C(8') - 	C(9) -S(10) 60.0(11) 
C(8') -N(7) - 	C(6') -C(S) -158.6(11) 
S(10) -C(11)  -S(13) 55.3(8) 
C(7N')-N(7) -C(6') -C(S) 73.2(16) 
S(13) -C(14) - 	C(15) -N(16) -43.6( 	9) 
C(6) -N(7) - 	C(8) -C(9) 159.2( 	8) 
S(13) -c(14) -C(15')-N(16) 58.2(17) 
C(7N) -N(7) -C(8) -C(9) -78.5(11) 
N(16) -C(17) - 	C(18) -S(1) -1.0(8) 
C(6') -N(7) - 	C(8') -C(9) 57.8(15) 
N(16) -C(17t)- C(18) -S(1) 48.3(18) 
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A 	comparison 	of the crystal structures of 
[Pd([18]aneN 2 S 4 )] 2 and [Pd(Me2 [18JaneN 2 S 4 )] 2 
demonstrates that replacement of N-H by N-Me moieties has 
a remarkable influence on the stereochemistry around the 
Pd(II) ion. This difference is attributed to the steric 
bulk of the N-Me groups. Fig. 4.10 shows a space-filling 
model of [Pd([18}aneN 2 S 4 )] 2 , viewed along the N(7)-H(7) 
bond. It can be seen from this that the proton on N(7) 
fits neatly into the niche between the sulphur-donors. 
However, a methyl group is significantly larger, and 
therefore, replacement of this proton with a methyl group 
would necessitate a conformational change. as found in 
[Pd (Me 2  [ 18 j aneN 2 S 4 ) I ( PF 6 ). 
-125- 
7) 
Fig. 4.10: Space-filling diagram of 
[Pd([18]aneN 2 S 4 )] 2 
N254PD in P21/c 
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4.2.6: [Pt(Me 2 {18)aneN 2 S 4 )](PF 6 ) 2 
[Pt(Me 2 {l8janeN 2 S 4 ))(PF 6 ) 2 has also been prepared 
by an analogous route to the Pd system. The resulting 
cream solid has been characterised by f.a.b. mass 
spectroscopy, which exhibits molecular ion peaks at 
1 = 694 and 549 ascribed to 	[ '95 M 	 Pt(Me 2 [l8ianeN 2 S 4 )PF 6 } 
and 
195 	 + 
Pt(Me 2 [18]aneN 2 S 4 )] 	respectively. I.R. spectroscopy 
and inicroanalytical data are consistent 	with 	this 
formulation. 	The 1 H n.m.r. 	spectrum of this complex, 
(Fig. 4.11), shows a singlet at 8= 2.46ppm due to the 
methyl protons. The second-order patterns at 8= 3.18-3.30 
and 3.55-3.62ppm integrate to a total of sixteen protons, 
and, therefore, are assigned to the methylene protons 
adjacent 	to 	sulphur. 	These 	multiplets 	show 195 Pt 
satellites (1= 112, 33.7%), which are broadened due to 
chemical shift anisotropy relaxation. The. multiplets at 
8= 2.54-2.62 and 2.80-2.87ppm are assigned to the 
methylene protons adjacent to the N-donors. The 13 C DEPT 
n.m.r. spectrum of [Pt(Me 2 [18]aneN 2 S 4 )1 2 is almost 
identical to that of the Pd(II) complex, with one methyl 
carbon resonance at 5= 40.83ppm and three distinct 
methylene carbon resonances at 6= 49.18, 	39.87 	and 
39.28ppm. This evidence suggests that 
{Pt(Me 2 (18]aneN 2 S 4 )](PF 6 ) 2 is probably isostructural with 
its Pd analogue. 
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Fig. 4.11:II ri.m.r. spectrum of [Pt(Me 2 [18]afleNs)j 2 
(CD 3 CN, 360.13MHz) 
C') 
cc 
36 	34 	32 	 30 	28 	 26 	 24 
ppm 
4.3: Electrochemical Study of 
(M= Pd, Pt, L= [18]aneN 2 S 4 . Me 2 [18]aneN 2 S 4 ) 
In view of the paucity of literature relating to 
genuine d 7 or d 9 Pt and Pd monomeric species, and the 
recently reported successful stabilisation of these +1 
and +3 metal oxidation states by polythia and polyaza 
inacrocyclic ligands, we undertook an investigation of the 
redox and electronic properties of [M([ 18 ]aneN 2 S 4 )] 2 and 
[M(Me 2 [ 18 ]aneN 2 S 4 )] 2, (M= Pd, Pt). 
4.3.1: [M([18]aneN 2 S 4 )] 2 	(M= Pd. Pt) 
Cyclic voltammetry of [Pd(t18}aneN2S4)1(PF6)2 	in 
MeCN 	(0.1M NBu 4 PF 6 supporting electrolyte) at platinum 
electrodes shows a chemically reversible oxidation at 
E 1/2 = +0.57V vs. Fc/Fc (AE 
p
= 195mV at a scan rate of 
150mVs 1 ), (Fig. 4.12). An irreversible reduction is also 
observed at E = -1.53V vs. Fc/Fc. Coulometric pc 
measurements performed on the complex in MeCN at 4-0.75V 
vs. Fc/Fc, at a platinum basket electrode, give n= 0.95 
electrons, for complete conversion to the bright-red 
oxidised species. Thus, this process corresponds to a 
one-electron oxidation. The e.s.r. spectrum of the 
oxidation product, measured at 77K as a frozen glass, 
shows a strong anisotropic signal with, 9 1 = 2.064, 
g 2 = 2.052 and g 3 = 2.019, (Fig. 4.13). These spectral 
features are consistent with the formation of the d 7 
Pd(III) species, {Pd([18]aneN2S4)]3 116,120.121,123 
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Further verification for the process being predominantly 
metal-based comes from the appearance of some unresolved 
hyperfine coupling to 
105
Pd (1= 5/2, 22.2%). Comparable 
spectral features have been observed for 
[Pd([9]aneS 3 ) 2 ] 3 	as 	well 	as 	for 	Pd(III)-dithiolene 
116,127,128 
complexes 
Oxidation of Pd(1I) to Pd(III) was monitored by 
in situ 	IJV/vis 	spectroscopy using an O.T.T.L.E. system. 
Conversion of . Pd([18]aneN 2 S 4 )I 2 	to 	[Pd([18]aneN 2 S 4 )] 3 
occurs reversibly 	and isosbes_jcal1y 	(A.= 241am), 
(Fig. 4.14). 	 [Pd([18]aneN 2 S 4 )] 2 : A= 514nm 
( max = 124M 1 cm 1 ), 	332 (4,250), 	166 (10,000), 
233 (10,850): 	 [Pd([18]aneN 
2 4 	max 
S )j': A 	488nm 
(6 
max 
 =3,180M 1 cm 1 ), 341 (5,890). 264 (11,170). 
El) 
yc1ic voltammograrn of 
N 2 S 4 )j 2 	(MeCN/0.IM NRu 4 PF) 
I 	 I 	 I 
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A 	preliminary 	electrochemical 	study 	of 
{Pt((18laneN 2 S 4 )](PF 6 ) 2 was undertaken using the same 
conditions. 	The 	cyclic 	voltammogram 	of 
Pt([18]aneN 2 S 4 )] 2 	shows 	a 	chemically 	reversible 
oxidation 	at 	E pa 	 pc 
= ~ l.07V, 	E 	= -0. 0 1V vs. 	Fc/Fc, 
(Fig. 4.15). This is an exceptionally 	broad 	wave, 	with 
= 1180mV at a scan rate of 330mVs
1 . An irreversible 
P 
reduction is also apparent at 	E 
pc 
= -1.82V vs. 	Fc/Fc. 
Coulometric measurements performed at -i-1.75V vs. Ag/AgC1 
gave a yellow solution with n= 1.08 electrons. The e.s.r. 
spectrum (77K, MeCN glass) of the oxidation product shows 
a, rhombic signal, g 1 =2.115, 9 2 = 2.049, 9 3 = 1.987, 
(Fig. 4.16). 	Hyperfine coupling to 
19 5  Pt (1= 1/2, 33.7%) 
is difficult to discern due to the weakness of the 
signal. However, these data are consistent with the 
	
7 	- 	 114,122 
formation, in low yield, of a d Pt(III) species 
We tentatively 	suggest 	that 	the 	low 	yield 	of 
IPt([18]aneN 2 S 4 )] 3 	may be due to a C-H deprotonation 
reaction similar to that 	observed 	in 	the 	3-4- 	cations, 
Rh([9]aneS 3 ) 2 1 3 , 	(Chapter 	3), 	and [Rh([18]aneS 6 )] 3 . 
The 	exceptionally 	broad 	oxidation 	wave 	for 
[Pt(18ianeN 2 S 4 )i 23 suggests that a large 
stereochemical change at the metal centre occurs upon 
oxidation to Pt(III). 
-133- 
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4.3.2: [M(Me 2 [18]aneN 2 S 4 )] 2 
	
(M= Pd, Pt) 
Cyclic voltammetry of {Pd(Me 2 [ 18 ]aneN 2 S 4 )](PF 6 ) 2 , 
measured under the same conditions as described above, 
reveals a chemically reversible reduction occurring at 
E 1/2 = -0.74V vs. Fc/Fc (AE p 
 72mV at a scan rate of 
lOOmVs t ) as shown in Fig. 4.17. No oxidative activity is 
observed within the range of the solvent up to +2.OV. 
Coulometry, measured by bulk electrogeneration of the 
complex at -0.90V vs. Fc/Fc, confirms that the reduction 
corresponds to a one-electron process 
(n= 1.08 electrons), 	giving a bright yellow paramagnetic 
species. 	The e.s.r. 	spectrum of 	this 	product 	shows 
(Fig. 4.18) 	a strong anisotropic signal with axial 
symmetry, g 	2.155, g= 2.049. In the 	g 	region, 	the 
1st, 	2nd, 5th and 6th features of the hyperfine coupling 
105 
to 	Pd are evident, giving A= 34G. 	Similarly, 	close 
examination of the 9 11 region allows the 1st and 2nd 
features to be discerned, giving A 11 = 48G. This 	data 	is 
consistent with the formation of a metal-based d 9 Pd(I) 
117-119,129,130 
radical 	 . Interestingly, the g-values for 
this 	species are closer to the free-spin value of 2.0023 
than those for the only other macrocyclic Pd(I) monomers 
reported, iPd(Me 4 [14]aneN 1 )j 	(g 11 = 2.302, g= 2.076) and 
[Pd(Bz 4 [l4IaneN 4 )] 	(g11 = 2.320, g=2.086), indicating a 
greater degree 	of 	covalency 	in [Pd(Me 2 [1 8 ]aneN 2 S 4 )]. 
This 	can be attributed 	to 	the it-acidity 	of 	the 
-135- 
thioether-donors which allows some delocalisation of 
electron-density onto the S-donors. 
The 	reduction 	of 	[Pd(Me 2 [l8]aneN 2 S 4 )} 2 	to 
1Pd(Me 2 [l8]aneN 2 S 4 )] 	was also followed by in situ UV/vis 
spectroscopy using an 0.T.T.L.E. system (Fig. 4.19). 
Importantly, the spectrum shows the process to occur both 
reversibly and isosbestically (A. 'so = 224, 274nm; 
[Pd(Me [18]aneN S )]2+:  A 	= 373nm (6 	 3,004M 1 cm - 1 ), 
2 	 2 4 	max 	 max 
298 (14,460), 	232 (15,070); 	[Pd(Me 2 {l8)aneN 2 S 4 )]: 
A max = 290nrn (6 
max
= 9,300M 1 cm 1 ), 235 (10,440)), thus 
precluding the formation of any long-lived intermediates 
during the one-electron reduction. 
The 	 cyclic 	 voltammogram 	 of 
[Pt(Me 2 [l8]aneN 2 S 4 )}(PF 6 ) 2 . 	measured 	under the same 
conditions to its Pd(II) analogue, shows an irreversible 




 , indicative 
of reduction to Pt(I) followed by rapid quenching of this 
species, possibly via the formation of a direct 
metal-metal bond. 	No examples 	of monomeric d 9 Pt(i) 
species have been reported. 
Pd (11)1(1) 
I 	 I 
00 	 -0-5, 0  -1-0 V vs Ag/Ag 
17 :Red LICtive cyclic voltaminogram of 
[Pd (Me 2[i8JafleNS)12 	(MCCN/0.IM NBuPp) 
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4.4: Binuclear Complexes Incorporating [18]aneN 2 S 4 
Metal dimers are critical to the function of a 
number of elaborately constructed biological systems, 
including hemerythrin superoxide dismutase, chlorophyll 
dimers in photosynthetic units, binuclear manganese 
complexes in the photosynthetic oxidation of 1120  to give 
02 cytochrome oxidase for the multi-electron reduction 
of 02 and mono-oxygenases for the activation of 02  by 
two-electron transfer 131 
In view of the co-ordinative versatility of 
{18JaneN 2 S 4 in mononuclear Pd and Pt complexes already 
demonstrated, and the potential of binuclear platinum 
metal complexes in catalytic processes, an investigation 
of the ability of this macrocycle to function as a 
binucleating agent was initiated. 
Reaction of two molar equivalents of PdCl 2 with 
one equivalent of 	[181aneN 2 S 4 in refluxing MeCN/H 2 0 
yielded a golden yellow solution. 	Addition of PF 6 
counterion and recrystallisation from MeCN gave the 
product as yellow needles. 
The I.R. spectrum of the complex exhibited bands 
characteristic of co-ordinated macrocycle, 	and PF 6 
Additiotally. 	the single absorption apparent at 330cm 1 
is indicative or a terminal Pd-Cl 	stretching vibration, 
(u(Pd-Cl)). 	F.a.b. 	mass 	spectrometry reveals molecular 
ion peaks at 	609, 575, 539 and 431 which are assigned 
to 
-139- 
[ '°6 Pd 2 3 C1 2 ([l8]aneN 2 S 4 +H)] , 
[ 106 Pd 2 3 C1([l 81 aneN 2 S 4 +2H)] , 
	
t 106 Pd 2 ({18]aneN 2 S 4 +H)1 	and 
[ 106 Pd( [ 18 ]aneN 2 S 4 - H)] 	respectively. 
The 1 H n.m.r. spectrum of the product shows a complex 
second order multiplet in the range 3= 2.7-3.6 and 
4.2-4.6ppm due to the macrocyclic methylene protons, 
while the 13C  DEPT n.m.r. spectrum shows three distinct 
methylene carbon resonances at 3= 54.77 (NCH 
2' 
 4C), 38.28 
(NCH 2 CH 2 S, 4C) and 30.44ppm (SCH 2 CH 2 S. 4C). This evidence 
combined with microanalyses confirms the assignment of 
the product as [Pd 2 C1 2 ([18]aneN 2 S 4 )I(PF 6 ) 2 . 
The 	analogous 	binuclear 	Pt(II) 	complex, 
(Pt 2 Cl 2 ([18]aneN 2 S 4 )i(PF 6 ) 2 was prepared by the same 
method, and characterised by I.R. (u(Pt-Cl)= 330cm 1 ), 1 H 
n.m.r. and f.a.b. mass spectroscopy and microanalysis. 
A single crystal X-ray structure determination of 
[PdC1 2 ([l8laneN 2 S 4 )](PF 6 ) 2 was undertaken to confirm the 
nature of the donor set to each Pd(II) centre. and to 
reveal the conformation of the co-ordinated macrocycle. 
4.4.1: Single Crystal Structure of 
[Pd 2 C1 2 ([18]aneN 2 S 4 )](PF 6 ) 2 .2MeCN 
Details of the structure solution are given in 
the Experimental Section. Relevant bond lengths, angles 
and torsions are presented in Tables 4.7. 4.8 and 4.9 
respectively. Two ORTEP plots depicting the geometry of 
the cation are shown in Figs. 4.20 and 4.21. 
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The structure shows the cation sitting on a 
crystallographic inversion centre, with a 2-fold rotation 
axis relating adjacent molecules within the crystal 
lattice. Each Pd(IL) centre is bound to a square planar 
co-ordination sphere comprising two sulphur-donors and 
one nitrogen-donor of the macrocycle, and a terminal Cl 
ligand, [Pd-S(l)=2.317(4), Pd-S(7)=2.316(4), 
0 	 - 
Pd-N(4)= 2.049(13), 	Pd-C].= 2.305(4)A1. The 	Cl 	ligands 
are displaced out of the least-squares 	S(1)-N(4)-S(7)-Cl 
plane by O.O'7l2X, 	due to the sterid influence of the 
central methylene groups 	separating 	the 	S-donors. 
Interestingly, 	the closest non-bonded interaction, of 
0 
3.406(2)A, is between two Pd atoms in adjacent molecules, 
related by the crystallographic 2-fold axis, as indicated 
on the packing diagram shown in Fig. 4.22. The 
0 
intramolecular Pd ... Pd distance is 4.196(2)A indicating 
that the two metals are non-interacting. 
Lehn and coworkers 
124 have reported a similar 
NS 2 CI donor set for each Pd(II) centre in the binuclear 
complex, (2). 
The ability of 	[18]aneN 2 S 4 to perform as a 
binucleating 	agent 	for 	Pd(II) 	and 	Pt(II) 	further 
exemplifies the versatility 	of 	this 	mixed 	donor 
macrocycle 
12-i- 
C\N-Fd-CL CL-Pd- (2) 
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12+ 
Fg.4.20:View of the single crystal 	 2+ 
structure of [Pd 2 C] 2 ([ 18 ]aneN 2 S 4 )i 
Fig. 4.21:AlterflatiVe view of the single 	 2+ 




Fig. . 4.22:Packing 	 2 diagram of iPd2Ci2([18]aneN2S4)1 
Single Crystal Structure of 
[Pd 2C1 
2 
 ([18] aneN 2 S 4 ) 1 (PF) 2  2CH3CN 
0 
Table 4.7: Selected Bond Lengths(A) with e.s.d.'s 
Pd(1) -C1(1) 2.305(4) C(3) 	-N(4) 1.549(20) 
Pd(1) -5(1) 2.317(4) N(4) 	-C(5) 1.479(21) 
Pd(1) -N(4) 2.049(13) -C(6) 1.486(24) 
Pd(l) -S(7) 2.316(4) -S(7) 1.847(18) 
S(1) -C(2) 1.819(17) C(17)-C(18) 1.509(22) 
S(l) -C(18) 1.815(16) C(17)- S(7') 1.856(16) 
C(2) - 	 C(3) 1.525(23) 
Table 4.8: Selected Angles( °) with e.s.d.s 
Cl(l) -Pd(l)-S(1) 
Cl(l) -Pd(1)- N(4) 
CI(I) -Pd(l)- S(7) 
S(1) -Pd(1)- N(4) 
S(1) -Pd(l)- S(7) 
N(4) -Pd(1)-- S(7) 
Pd(l) - S(1)- C(2) 
Pd(1) - S(1)-C(18) 
C(2) - S(1)-C(18) 











 - 	 C(3) - 	 N(4) 106.6(12) 
Pd(1) - 	 N(4) - 	 C(3) 110.7( 	9) 
Pd(1) -N(4) - 	 C(S) 112.8(10) 
-. N(4) - 	 C(5) 112.3(12) 
N(4) - 	 C(5) - 	 C(6) 109.1(13) 
C(5) - 	 C(6) - 	 S(7) 111.1(12) 
Pd(1) - 	 S(7) - 	 C(6) 97.2( 	6) 
C(18)-C(17) -S(7') 108.5(10) 
S(l) -C(18) -C(17) 108.5(10) 
C(17)- S(7)-C(6') 99.3( 	8) 
-144- 
Table 4.9: Sele cted Torsion angles( °) with e.s.d.'s 
C(18)- S(1) 	- C(2) 	- C(3) 76.3(12) 
N(4) 	- C(5) 	- C(6) 	- S(7) -52.1(16) 
C(2) 	- S(1) 	- C(18) -C(17) 178.2(11) 
S(7')- C(17)- C(18)- S(1) 147.9( 	8) 
S(1) 	- C(2) 	- C(3) 	- N(4) 55.6(14) 
C(18)- C(17)- S(7')- C(6') 178.6(11) 
C(2) 	- C(3) 	- N(4) 	- C(5) -179.5(12) 
C(17)- S(7')- C(6')- C(5') 	76.9(13) 
C(3) - N(4) - C(S) - C(6) 	177.3(13) 
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4.5: Conclusions 
The results show that [Pd([18]aneN2S4)] 2+ and its 
di-N-methylated 	analogue 	(Pd(Me 2 [l8]aneN 2 S 4 )} 2 	adopt 
completely different 	stereochemistries, 	the 	former 
preferring an N 2 S 2 + S 2 donor set in a distorted 
octahedral geometry, while the latter prefers an S 4 donor 
set in a square planar geometry. 
The stereochemical differences between the two 
complexes are also reflected in their electrochemical 
properties, with the non-methylated system facilitating 
stabilisation of Pd(1lI), and, the methylated system 
being particularly effective for stabilisation of Pd(I). 
The generation 	of 	Pd(III) 	from 	the 	4+2 
co-ordinate Pd([18]aneN 2 S 4 )] 2 is consistent with the 
availability of a distorted octahedral stereochemistry in 
this system. Indeed, the large peak separation in the 
cyclic voltammogram (AE= 195mV at a scan rate of 
150mVs 1 ) is representative of the stereochemical change 
occurring at the metal upon oxidation. Interestingly, 
cyclic voitammetry of the related hexathia system, 
{Pd([l8laneS6)] 2+ , under identical conditions, reveals no 
oxidative process in the range 0 to +2.OV. This is 
attributed to a kinetic barrier, since chemical oxidation 
in 11C10 4 generates the red [Pd([18]aneS 6 )] 3 cation, 
53 
which 	has been structurally characterised 	These 
results suggest that the ligand conformation is a crucial 
factor, 	and 	that 	there 	may 	be 	a 	significant 
conformational 	barrier 	to 	the 	formation 	of the 
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corresponding Pd(III) complex with [18]aneS 6 . 
The 	Pd(II)/(III) 	couple 	for 	the mixed-donor 
system 	is 	intermediate between 	that 	observed for 
2+/3+ 	121,204 
{Pd([9]aneN 3 ) 2 1 and 
[Pd([9]aneS3)2]2"3 	
115,120, consistent with the 
presence 	of 	two 	hard 	N-donors and 	four 	softer S-donors. 
Recently, 	Sauvage 	and 
132 
coworkers have shown 
that d 9 Ni(I) 	centres can be stabilised by tetrahedral 
co-ordination to catenand ligands (Fig. 4.23). Therefore, 
it seems likely that stabilisation of d 9 Pd(I) 	by 
Me 2 [l 8 laneN 2 S 4 	would 	involve a similar tetrahedral 
distortion. This system represents 	the 	first thioether 
complex which exhibits a reversible Pd(II)/(I) couple at 
298K. 	The 	reduction 	potential 	for 
	
Pd(Me2l8]aneN2S4)I 
2+/+ occurs 	at a considerably more 
anodic value compared to the 	tetra-aza 	complexes, 
[Pd(L)] 2 	(L= {l4JaneN 4 , 	Me4[14]aneN4 or Bz 4 [ 14 ]aneN 4 ). 
This 	is attributed 	to the greater it-acidity of the 
thioether donors, 	and to the greater flexibility of the. 
macrocycle, which enables the large Pd(I) 	centre 	to be 
accommodated more readily. 
The results from this study also demonstrate the 
ability of [18]aneN 2 S 4 to function both as a mono- and 
binucleating agent. Alhough the binuclear complex 
reported herein exhibits no metal-metal 	interaction, 
replacement of the terminal Cl 	ligands with a different 
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4.6: Experimental 
4.6.1: 	Pd({18]aneN 2 S 4 )](PF 6 ) 2 
To 	a 	refluxing 	solution 	of 	[18]aneN 2 S 4 
(47mg, 0.144mrnol) 	in MeCN 	(30ml) 	was 	added 	PdC1 2 
(25mg, 0.14lrnmol) 	and 	T1PF 6 	(110mg, 0.310mmol.). 	The 
reaction mixture was refluxed for 3h under N 2 to yield .a 
purple 	solution 	and 	fine white 	precipitate. 	After 
cooling, 	the 	precipitate 	(T1C1) 	was 	removed 	by 
filtration, to leave a purple solution. Removal of the 
solvent and recrystallisation from H 2 0 afforded a dark 
blue .solid (Yield: 50mg, 49%). Mol. wt. 722.915. 
Elemental 	analysis; 	found 	C= 19.3, 	11= 3.61, 	N= 3.83, 
S= 17.8%: 	calculated 	for 1C 12 H 26 N 2 S 4 Pd](PF 6 ) 2 : C= 19.9, 
H - 3.62, N= 3.88. S= 17.79. F.a.b. mass 	spectuni 	(3-NOBA 
matrix): found 	577, 431; calculated for 
	
[ 106 Pd([ 1 8]aneN 2 S 4 )PF 6 J 	 M 4 = 577, 
[ 106 Pd([18]aneN 2 S 4 1 	 M= 432. 
'H 	n.m.r. 	spectrum 	(360.13MHz. 	CD 3 CN, 	298K): 
6=3.7-2.56ppm 	(br, 	CH 2 ), 	5.0 	(br, 	NH), 	(360.13MHz. 
CD 3 CN, 	.243K): ô= 5.16 (br, NH), 2.3-3.6ppm (m, CH 2 ). 13 C 
DEPT n.m.r. spectrum (50.32MHz, CD 3 CN, 298K): 	resonances 
very broad, 	not easily distinguished from noise. Not 
significantly better resol-ed at 90.56MHz, 	298K 	in 
(CD 3 ) 2 CO: d=56.28, 	51.12. 47.26. 34.05, 31.88, 27.29ppm 
tJV/vis 	spectrum 	(MeCN): 
'max 
 514nm  
( max 	
124M 1 cm 1 ) . 	 322 (2,185), 	 266 (7.910), 
233 (12.140). I.R. spectrum 	(KBr 	disc): 	3260m, 	3120m, 
-148-- 
3000w, 2930m, 1460m, 1425m., 1300m, 1270w, 1230m, 1210w, 
1150w, 	1130w, 	1105m, 	1060w, 1030w, 1015w, 1000w, 980w, 
840vs, 740m, 640w, 555vs cm -1 
4.6.2: Single Crystal Structure of 
[Pd([18]aneN 2 S 4 )](BPh 4 ) 2 
Single 	crystals 	suitable 	for 	X-ray 
crystallography were obtained by metathesis of a small 
sample of [Pd([18]aneN 2 S 4 )](PF 6 ) 2 with NaBPh 4 in H 2 0, 
which yielded a green precipitate. Recrystallisatiout from 
MeNO 2 afforded green columnar crystals. A single crystal 
was selected and sealed in a 0.5mm glass capillary to 
prevent solvent loss. 
Crystal Data: 
1C 12 H 26 N 2 S 4 Pd1(C 24 H 20 B) 2 . M= 1071.45. Monoclinic, 
space group P2 1 /c, a= 16.8888(12), b= 16.5533(15), 
0 	 o 	 03 
c= 18.5376(12)A, f= 93.144(8) , V= 5174.6A 	 (by 
least-squares 	refinement on diffraction angles for 36 
reflections 	measured at ±w 	[15<20<17 0 , 2= 0.7l073]), 
•= 4. D
= 	1.375gcm 3 . 	Crystal 	dimensions 
0.30x0.lOxO.O8mm, 	(Mo-Ka) 	0.52mm 1 , F(000)= 2240. 
Data Collection and Processing: 
Stie STADI-4 four-circle 	diffractometer, w/20 
scan mode using the learnt profile method. 
Graphite-monochromated Mo-Ka radiation; 6815 reflections 
(28 max = 45
° , h -18----14, k 0—'17, 1 0—'19) giving 4006 
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with F>4o(F). No significant crystal decay, no absorption 
correction. 
Structure Analysis and Refinement: 
A Patterson synthesis located the Pd atom and 
this was input into DIRDIF which identified the positions 
of all non-H atoms except for one macrocyclic C atom. The 
structure was developed by least-squares refinement and 
difference Fourier synthesis. Anisotropic thermal 
parameters were refined for Pd, S. 	N, 	C and B atoms. 
Hydrogen 	atoms 	were included in fixed, 	calculated 
positions. 	The 	weighting 	scheme w _1= a2(F)+0.001155.F 2 
gave satisfactory agreement analyses. At convergence R, 
0.0623 and 0.0786 respectively, S= 1.110 for 517 
independent parameters, and the final difference Fourier 
synthesis showed no feature above 0.48 or below 
- 0-3 
-O.4teA 
4.6.3: [Pt([18]aneN 2 S 4 )](PF 6 ) 2 
Method 	as 	for 	4.6.1, 	using 	PtCl 2 
(33mg. 0.123mmol), 	TIPF 6 	(103mg, 0.294mmo1) 	and 
[18]aneN 2 S 4 	(40mg, 0.123mmol). 	The product was isolated 
as a yellow solid (Yield: 80mg, 	81%). 	Mol. wt. 811.515. 
Elemental 	analysis: 	found 	C= 17.1, 	H= 3.11. 	N= 343, 
S= 15.5%: calculated for 	{C 12 H 26 N 2 S 4 Pt](PF 6 ) 2 : 	C= 17.8. 
FIr 3.23, N= 3.45, S= 15.8%. 	F.a.b. mass spectrum (3-NOBA 
matrix): found M= 667, 521; calculated for 
	
1 195Pt((181aneN2S4)PF61 	 M= 666, 
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1 195 Pt((18]anéN 2 S 4 )] 	 M= 521. 
n.m.r. spectrum (360.13MHz, CD 3 CN, 298K): 5= 5.68 (br, 
NH, 1H), 3.76 (br, NH, 1), 2.84-3.42ppm (br, CH 2' 24H) 
(360.13MHz, CD 3 CN, 238K): 5= 5.75 (br, NH, 111), 3.75 (br, 
NH, 1H), 2.74-3.22ppm (br m, CH 2' 
 24H). 13 C DEPT n.m.r. 
spectrum (50.32MHz, CD 3 CN, 298K): 5= 28.08. 34.74, 36.84, 
53.11. 55.39ppm (two overlapping resonances) (cH2). 13C 
DEP1n.m.r. spectrum (90.56MHz, (CD 3 ) 2 CO, 298K): 5=56.1 
(NCR 2 , 2C), 53.8 (NCH 2 , 2C), 46.6, 42.0, 38.3. 37.3, 35.3 
(two overlapping resonances), 28.2, 26.3ppm (SCH 2 , total 
of 8C). I.R. spectrum (KBr disc): 	3140m, 	3000w, 	2945w, 
1460m, 	1420m, 	1410m, 1310m, 1270w, 1240w, 1220w, 1125m, 
1055m, 1020m, 840vs. 720m, 555vs cm 1 . 
4.6.4: [Pd 2 C1 2 ([ 18 ]aneN 2 S 4 )1(PF 6 ) 2 
Reaction 	of 	PdC1 2 	(44mg, 0.245mmo.l) 	with 
[18}aneN 2 S 4 (40mg, 0.123mmol) in refluxing MeCN/H 2 0 
(1:1 v.v.) for 4h under N 2 afforded a yellow solution. 
Addition of excess NH 4 PF 6 gave a yellow precipitate which 
was recrystallised from MeCN to yield the product as 
yellow needles (105mg, 95%) 
analysis: 	found 	C= 	15.9, 
Mol. Wt. 900.221. 	Elemental 
H= 	2.79, N= 3.32, S= 14.4%; 
calculated 	for 	[C 12 H 26 C1 2 N 2 S 4 Pd 2 I1(PF 6 ) 2 	C= 	16.0, 	H= 
2.91, 	N= 	3.11, 	S= 	14.2%. F.a.b. mass spectrum (3-NOBA 
matrix): found M= 609, 575, 539, 431; calculated for 
106 	35 	 + 
I 	Pd 2 Cl 2 ([ 18 ]aneN 2 S 4 )] 	M = 608, 
[ 106 Pd 2 35 C1([18]aneN 2 S 4 )] 	M 4 = 573. 
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{ 06 Pd 2 ((18]aneN 2 S 4 )] 	 M= 538, 
	
[ 106 Pd([18]arLeN 2 S 4 )] 	 M= 432. 
n.m.r. spectrum 	(80.13MHz, 	CD 3 CN, 	298K): ô= 2.7-3.6 
and 	4.2-4.6 (m, CH 2' 
 24H), 5.6ppm (br, NH, 211). 1 3 C DEPT 
n.m.r. spectrum (50.32MHz. CD 3 CN, 298K): 5= 54.77 	(NCH 2' 
4C) , 	38.28 	(NCH 2 CH 2 S, 	4C) , 	30.44ppm 	(SCH 2 CH 2 S, 	4C) 
UV/vis spectrum (MeCN): A max = 376nm (e 
max= 
 3,543M1cm1), 
262 (17,330), 224 (22,200). 	I.R. 	spectrum 	(KBr 	disc): 
3200m. 	3060m, 3000w, 2965w, 1460m, 1420vs, 1330w, 1310m, 
1270w, 1260m, 1225w, 1140w, 1120w, ilOOm, 	1060m, 	101Orn, 
840vs. 740m, 650w, 555vs. 330m cm- I. 
4.6.5: Single Crystal Structure of 
[Pd 2 Cl 2 ([ 18 ]aneN 2 S 4 )](PF 6 ) 2 
Recrystallisation 	of 	the complex from MeCN 
afforded yellow needles of crystallographic quality. A 
suitable crystal was selected and sealed in a glass 
capillary to prevent solvent loss. 
Crystal Data: 
[C 12 H 26 C1 2 N 2 S 4 Pd 2 }(PF 6 ) 2 .2CH 3 CN, 	 M= 982.3. 
Monoclinic, 	 space group C2/c, a= 18.617(13), 
00 
	 03 
b= 15.569(11). c= 14.323(14)A, 	=113.59(5) , V= 3804.6A 
(by least-squares refinement on diffraction angles for 32 
 0 
reflections measured at +w 	(24<20<25 0 ,   A= 0.71073A1), 
= 4. -= 	 1.715gcm 3 . 	 Crystal 	dimensions 
0.77x0.23x0.l9nirn, t(Mo-Ka)= 13.96cm 1 , F(000)= 1936. 
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Data Collection and Processing: 
Stde STADI-4 four-circle 	diffractometer, w/20 
scan mode, with w scan-width (1.20+0.347tan0) ° . 
Graphite-monochromated Mo-Ka radiation: 2456 reflections 
measured (20 max= 45 ° , h -20---l8, k -16-----)16, 1 0—+l5) 
giving 1708 with F>6a(F). No significant crystal decay. 
Structure Analysis and Refinement: 
A Patterson synthesis located the Pd atom and the 
structure was developed by least-squares refinement and 
difference Fourier synthesis to reveal all other non-Ft 
atom positions. Absorption correction was made using 
DIFABS 	(max transmission factor= 1.463, minimum= 0.744). 
During refinement some disorder of the PP 6 	counterion 
was 	identified. 	This was modelled 	successfully using 
partial F atoms, giving a total of six F atoms per P 
atom. 	Each binuclear cation was found to have two 
molecules of MeCN solvent associated. 	These too were 
found to be disordered, and were modelled by constraining 
0 
the C-C and C-N bond lengths to be 1.50 and 1.23A 
respectively, and constraining the N-C-C angle to be 
linear. Anisotropic thermal parameters were refined for 
Pd, Cl, S, P, F, N and C atoms except for those 
associated with the solvent molecules. Hydrogen atoms 
were included in fixed, calculated positions. The 
weighting scheme w 1 = a 2 (F)+0.002282F 2 gave satisfactory 
agreement analyses. At convergence R, R= 0.0757 and 
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0.1037 	respectively, S= 	1.201 	for 	177 	independent 
parameters, and the final difference Fourier synthesis 
0-3 
showed no feature above 0.97 or below -1.22eA 
4.6.7: [Pt 2 Cl 2 ([.18]aneN 2 S 4 )](PF 6 ) 2 
	
Method 	as 	for 	4.6.4 	above, 	using PtCl 2 
(65mg, 0.246mmo1) and [18]aneN 2 S 4 (40mg. 0.123mmol). The 
product was isolated as a pale yellow solid (Yield:73mg. 
5596). Mol. wt. 1077.42. Elemental analysis: found 
C= 13.8, 	H= 2.38, 	N= 2.8496; 	calculated 	for 
[C 12 H 26 N 2 S 4 C1 2 Pt 2 j(PF 6 ) 2 : 	C= 13.4, 	H= 2.43, 	N= 2.60%. 
F.a.b. 	mass 	spectrum 	(dmf/glycerol 	matrix): 	found 
786, 750, 555, 521; calculated for 
195 	35 	 -~ 
• 	 [ 	 Pt Cl 2 ([l8 ] aneN 2 S 4 )j 	M + = 786, 
195 
• 	 t018n2S4 	M= 751, 
{ 	 Pt 	Cl([18]aueN 2 S 4 )] 	M = 556, 
195 + 
[ 	 Pt([18}aneN 2 S 4 )] 	 M= 521. 
' H n.m.r. spectrum (80.13MHz, CD 3 CN, 298K): ô= 7.45 	(br, 
NH). 	2.2-3.6ppm 	(m, 	CH2 ). 	I.R. 	spectrum 	(KBr disc): 
3140m, 3000w, 2950w, 1460m, 1420m. 1410m, 	1310m, 	1270w, 
1240w, 	1220w, 	1120m, 	1055w, 1020m, 1000w, 840vs. 740m, 
555vs, 330w cm - 
1. 
4.6.8; [Pd(Me 2 [l8janeN 2 S 4 )1(PF 6 ) 2 
Reaction 	of 	PdC1 2 	(15mg, 0.086mmol) 	with 
Me 2 [18]aneN 2 S 4 	(31mg, 0.087mmol) 	in refluxing MeCN/H 2 0 
(3:lvv, 	30m1) 	under N 2 	for 	5h afforded an 	orange 
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solution. 	Addition of excess NH 4 PF 6 and removal of the 
MeCN gave an orange precipitate, which was recrystallised 
from MeCN (Yield: 40mg, 63%). Mol. wt. 750.97. 	Elemental 
analysis: 	found 	C= 21.7, 	H= 3.90, 	N= 3.74, 	S= 16.6%; 
calculated for 	[C 14 H 30 N 2 S 4 Pd](PF 6 ) 2 : 	C=- 22.4, 	H= 4.03. 
N= 3.73, S= 17.1%. 	F.a.b. mass spectrum (3-NOBA matrix): 
found M= 604, 460; calculated for 
f 106 Pd(Me 2 [l8}aneN 2 s 4 )PF 6 i 	M' 605. 
[ 106 Pd(Me 2 [18]aneN 2 S 4 )J 	M= 460. 
'H 	n.m.r. 	spectrum 	(80.13MHz, CD 3 CN, 298K): ô= 2.48ppm 
(s, CH 3' 6H), 2.68-3.50ppm (m, CH 2' 
 24H). ' 3 C DEPT n.m.r. 
spectrum (50.32MHz, CD 3 CN, 298K): ô= 49.87, 40.31, 	39.40 
(CH 
2
)and 	41.57ppm 	(CH 3 ). 	UV/vis 	spectrum 	(MeCN): 
A max = 373nm 	(6 max = 
	3.004M cm 	, 298 (14,460), 
232 (15,070). 	I.R. 	spectrum 	(KBr 	disc): 2950w, 2850w, 
1420m, 1400m, 1370m, 1300w, 1260w, 1240m, 	1210w, 	1150w, 
1120w, 	1110w, 	1060w, 	1005w, 	940m, 	840vs, 740m, 730w, 
670w, 555vs cm 
4.6.9: Single Crystal Structure of 
FPd(Me 2 [l8ianeN 2 S 4 )i(PF 6 ) 2 .Me 2 CO 
Vapour diffusion of diethyl ether into a solution 
of the complex in Me 2 CO 	gave 	yellow 	plates 	of 
crystallographic quality. A crystal was selected and 




[C 14 H 30 N 2 S 4 Pd](PF 6 ) 2 .C 3 H 6 0, 	 M= 809.0. 
Orthorhombic, 	 space group P cab' 	
14.3369(15), 
0 
b= 17.6915(7),c= 14.2952(ll)A,v=6162A 	 (by 
least-squares refinement on diffraction angles for 58 
reflections 	measured at ±(o[24<20<25 0 , A= 0.71073]), z= 
8. 0= 1.774gc,n 3 . Crystal 	dimensions 	0.92x0.08x0.l5mm, 
z(Mo-Ka)= 10.0cm 1 , F(000)= 3360. 
Data Collection and Processing: 
Stde 	STADI-4 	four-circle diffractometer, w/20 
scan 	mode 	using 	the 	learnt-profile 	method. 
Graphite-monochromated Mo-Ka radiation; 4527 reflections 
measured (20 	=45 ° , h 0-15, k -0--)16, 	1 0—+24) max 
giving 2693 with F>6o(F). No significant crystal decay, 
no absorption correction. 
Structure Analysis and Refinement: 
A Patterson synthesis located the Pd atom and the 
structure was developed by least-squares refinement and 
difference Fourier synthesis to reveal all other non-H 
atom positions. It was discovered that one PF 6 
counterion and both -C-N(Me)-C moieties were affected by 
disorder. This was modelled successfully using partial F 
and C atoms respectively, thus generating two alternative 
sites for the C atoms adjacent to the N-Me functions and 
giving a total of six F atoms per P atom. The crystal 
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lattice was 	found to contain one acetone molecule per 
cation. Anisotropic thermal parameters were refined for 
Pd, 	S, 	P, 	N, 0 and all fully occupied C and F atoms. H 
atoms were included in fixed, calculated positions. 	The 
	
-1 	2 	 2 
weighting scheme w = a (F)4-0.000843F gave satisfactory 
agreement analyses. 	At convergence R. R= 0.0450 and 
0.0606 	respectively, S= 	1.186 	for 	375 	independent 
parameters, and the final difference Fourier synthesis 
0-3 
showed no feature above 0.84 or below -0.50eA 
4.6.10: {Pt(Me 2 {l8janeN 2 S 4 )i(PF 6 ) 2 
Reaction 	of 	PtCl 2 	(30mg, 0.113mmol) 	with 
Me 2 [ 18 ]aneN 2 S 4 	(40mg, 0.113mmol) 	under 	the 	same 
conditions 	as 4.6.8 above, 	gave a pale yellow product 
(Yield: 55mg, 5896). Mol. wt. 839.57. Elemental 	analysis: 
found C= 19.7, H= 3.57, N= 3.33, S= 15.3%: calculated for 
C 14 H 30 N 2 SPt1(PF 6 ) 2 : 	C= 20.0, 	11= 3.60, 	N= 3.34, 
S= 15.3%. 	F.a.b. mass spectrum 	(3-NOBA 	matrix): 	found 
M= 694. 549; calculated for 
1 19 Pt(Me 2 [18 1aneN 2 S 4 )PF 6 1 	Mr 694. 
[195Pt(Me2[18]aneN2S4)1 	M= 549 
111 	n.m.r 	spectrum (300.13MHz, CD 3 CN, 298K): 6= 2.46 (s, 
CR 3 , 6H) , 	2.54-2.62 	and 	2.80-2.87ppm 	(m, 	NCH 2' 	811), 
3.18-3.30 and 3.55-3.62ppm (m, CH 2 SCH 2 , 16Ff). 13 C DEPT 
n.m.r. spectrum (50.32MHz, CD 3 CN. 298K): ô= 49.18 (C11 2 N), 
39.87 (SCH 2 CH 2 N), 39.28 (SCH 2 CH 2 S and 40.83ppm (CH 3 ). 
UV/vis 	 spectrum 	 (MeCN): 2 max 	
243nm 
22,800M 1 cm 1 ). 1.R. spectrum (KBr 	disc): 	2950m. 
max 
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2920w, 	2840w, 	1460m, 1420m. 1379w, 1310m, 1260w, 1240w, 
1220w. lilOm. 1070m, 1030w, 	1015w, 	980w, 	840vs, 	745m, 
- 	 -1 
o55vs, 340m cm 
-158-- 
CHAPTER 5 
Structural and Redox Studies on 
Palladium and Platinum Tetrathia Macrocyclic Complexes 
5.1: Introduction 
The Edinburgh group has recently reported the 
stabilisation of Pd(I) by tetra-aza ionophores 119 
However, the Pd(II)/(I) redox couples for these complexes 
occur at rather negative potentials (Chapter 4). We 
proposed that replacement of the tetra-aza ligand by a 
softer tetrathia ionophore would render the Pd(Il)/(I) 
redox couple more accessible. This provided the impetus 
for a study of palladium and platinum thioether 
macrocyclic complexes. The macrocyclic ligands selected 
for this work were the three tetrathia macrocycles 
[12]aneS 4 , [14]aneS 4 and [.16]aneS4, and the large ring 
28-membered octathia macrocycle, [28]aneS 8 . 
Ligand Synthesis 
The synthesis of macrocyclic thioether compounds 
133 
was first reported by Tucker and Reid in 1933 
Subsequently, 	several groups have endeavoured to develop 
systematic, 	high-yield 	routes 	to 	these 	cyclic 
1 
species 34-138  
The prediction from Hard and Soft Acids and Bases 
139 Theory that alkali metal ions will exhibit an 
affinity for oxygen atoms, has been used extensively in 
the template synthesis of numerous polyoxa crown 
140-144 
ethers 	 . 	However, 	using 	alkali 	metals 	as 
templating agents to encourage cyclisation in preference 
to linear polymerisation is much less successful 	for 
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polythia crown ethers. 	In fact, no suitable templating 
agent has proven effective for the soft sulphur atoms, 
and this has inhibited the improvement of syntheses. 
Thus, the preparation of most polythia crowns requires 
long reaction times coupled with the employment of high 
dilution techniques, since only under these conditions is 
cyclisation kinetically favoured. 
The preparation of [12]aneS 4 and [14]aneS 4 was 
reported by Rosen and Busch 
134,135 
 [by reaction of the 
appropriate tetrathiaundecarie and dibromoalkane, (1)]. 
Since then several higher yield syntheses have been 
reported. Buter and Kellog 
138  have prepared a series of 
polythia and mixed polyoxa/thia macrocycles in much 
improved yields by utilising Cs to promote ring closure. 
via deprotonation of the thiol functions. This approach 
is particularly applicable to systems which require S N  2 
ring closure by attack of a thiolate anion on an 
activated carbon centre, (2). The authors do not suggest 
that the Cs acts as a templating agent, although this is 
a possibility. More recently, Ochrymowycz and 
co-workers 136 have published a systematic approach to 
the synthesis of a range of macrocyclic polythia ethers 
of differing ring size and number of donors. 
The 	ligands 	{12]aneS 4 , [14]aneS 4 , [16]aneS 4 and 
[28]aneS 8 are now readily available from a commercial 
supplier. 
As an introduction, a survey of the chemistry of 
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14] aneS 4 
The 	single 	crystal 	X-ray 	structure 	of 
[14]aneS4 12 shows two isomeric forms of the ligand, 
giving three independent molecules. 	In each case the 
ligand adopts a rectangular "exodentate" conformation 
with the sulphur atom lone-pairs directed 	outward, 
presumably to minimise lone-pair 	interactions, (3). A 
study of the torsion angles reveals eight gauche and six 
anti interactions in the exodentate conformer versus six 
gauche and eight anti interactions in the endodentate 
conformer. Thus, it is apparent that [14]aneS 4 adopts the 
configuration with the maximum number of gauche C-S 
linkages, in order to avoid unfavourable 
1,4-interactions. 
(3) 
The conformation of the free ligand indicates a 
tendency toward exodentate binding of metal ions. Indeed. 
exodentate co-ordination of this ligand has been observed 
in several cases. The solid state structure of 
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[Nb2C110([14]aneS4)] 145 shows 	the macrocycle bridging 
two I'JbCl 5 fragments, functioning as a monodentate ligand 
to each metal centre, leaving two unco-ordinated sulphur 
atoms. The geometry at each Nb(V) centre is best 
described as square pyramidal to five chlorides, with a 
macrocyclic sulphur occupying the sixth site. The 
equatorial chlorides are bent over towards the macrocycle 
[angle ClapNb_Clap=  97.2(4) 0 ]. Tetrahedral geometry is 
achieved around each Hg(II) 	centre 	in the 	complex 
[Hg 2 C1 4 ([l4]aneS 4 )] 	by exodentate co-ordination of two 
	
- 	 146 
S-donors of the macrocycle and two Cl atoms, (4) 	. 	A 
further example of exo-cyclic co-ordination to a metal is 
the extremely air-sensitive [A1Me3I4[.14]aneS4 147, 
Structural studies show a centrosymmetric molecule with 
one AIMe 3 fragment bonded to each S-donor, generating a 
tetrahedral environment for each Al centre. The Al-S bond 
0 
lengths are in the range 2.512(2) to 2.531(2)A, 	and 	are 
elongated compared to other Al-S bonds (e.g. [Me 2 A1SMe1, 
0 148 	 0 149 
Al-S= 2.348(2)A 	, K[Al 2 Me 6 SCN], Al-S= 2.489(2)A 
Interestingly, 	two 	complexes 	incorporating 	platinum 
metals, 	[M 2 Cl 2 (C 5 Me 5 ) 2 ([14]aneS 4 )i 2 	(M= Rh, Ir) 	also 
.4,150 
exhibit exodentate 	co-ordination 	. 	The 	single 
crystal 	structure of the binuclear Rh(III) complex, (6), 
is centrosymmetrlc with each Rh centre bound to two 
S-donors of the macrocycle and a chloride ion, with the 
C..Me... ligand binding facially to complete the 	octahedral 
arrangement. 	The geometry is quite severely distorted in 












linkages separate the two pairs of S-donors, leaving the 
0 










YLRh 	 (6) 
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Endo-cyclic binding of metal 	ions by 	[14]aneS 4 
has also been reported. Square planar co-ordination of 







Rh(I) 	 has been reported. In the Cu(II) complex 
trans-0C10 3 	ligands give a 	tetragonally 	elongated 
stereochemistry. There are generally five different 
isomers for a square planar or tetragontal complex of a 
tetradentate macrocycle, depending upon the orientation 
of the che]ate rings, (Fig. 5.1). 
++ 
CD 
t t t t 	ctct 	tcct 	cctt 	 cccc 
Fig. 5.1:Diagrarnmatc representation of the five main 
isomers for [M(L)] 	, (L= tetratliia macrr)cycie), 
(i- and - refer to the orientation of the S atom 
lone-pairs above and below the plane) 
Notably, 	[Rh([14IaneS4))Cl 109 
	crystallises 	in 	the 
cccc-configuration, 	with the metal in a distorted square 
planar environment, 	sitting 0.133(2)A above the 	S 4 
co-ordination 	plane, 	(Fig. 5.2). 	This 	geometry 	is 
stabilised 	by 	weak 	intermolecular 	interactions, 
0 	 0 
Rh ... Rh= 3.313A, Rh ... S= 3.697(9)A. 	Treatment 	of 	this 
species with NaBPh 4 in Me011 at room temperature generates 
the ctct-form. 
The chain structure exhibited by the 	Cu(I) 
complex, 	[Cu([14]aneS 4 )], 	completes 	the known binding 
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modes of this ligand. 	Here, 	the 	tetrahedral 	structure 
around Cu(1) is achieved by binding of three S-donors of 
one ligand and one S-donor of another macrocycle 155 
Fig. 5.2:Single crystal structure of [Rh([14]aneS 4 )j 
The solid state structure 	of 	[RuC1 2 ([ 14 }aneS 4 )] 
reported by Poon and Lai 
156 shows endo, tetradentate 
co-ordination of the ligand. The macrocycle is unable to 
accommodate the large Ru(II) ion within the cavity, and 
therefore adopts a folded configuration with mutually 
cis-chlorides. This complex converts into the 
trans-isomer in the presence of bulky 	iodide 	ligands. 
However, 	the 	reported pseudo-square planar complex 
[Rh((141aneS 4 )] 	discussed 	above 	demonstrates 	that 
contrary to predictions based on hole-size 
calculations 
156,  this macrocycie can incorporate the 
large Rh(I) ion. 
The 	insertion of Rh(III) into [14]aneS 4 has been 
110 
reported previously by Travis and Busch 	. The dichioro 
complex has been assigned as the cis-isomer on the basis 
of I.R. spectroscopy. 
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[12]aneS 4 
The single crystal structure of the free ligand 
has been reported by Cooper et al 
13, 	
and shows, 	like 
[ 14 ]aneS 4 , 	all four sulphur atoms are exodentate in a 
conformation which appears square in projection, 	with 
every C-S linkage adopting gauche placement. 
Investigations of the co-ordination chemistry of 
this 12-membered ring, potentially tetradentate ligand 
have been very limited. [12]aneS 4 is reported to complex 
Ni(II) 
157 . 
 However, the cavity of the macrocycle is too 
small to allow it to accommodate the metal, and the 
Ni(II) complex has been formulated as 
[Ni 2 ([l 2 IaneS 4 ) 3 1(BF 4 ) 4 . 	Very 	recently 	the 	crystal 
structure 	of 	the 	chioro-bridged 	dimer, 
[Ni 2 Cl 2 ([l2]aneS 4 ) 2 I 2 	has 	been 	determined 	in 
Edinburgh 
158 
 This shows each octahedral Ni(II) 	centre 
bound 	to 	all 	four 	thioether-donors of a folded 
macrocycie, with two Cl 	ligands bridging the metal 
centres 	as 	illustrated in Fig. 5.3, [Ni-S(1)= 2.412(3), 
Ni-S(4)= 2.4144(25), Ni-S(7)= 2.373(3), 	Ni-Cl 	2.411(3), 
0 	 67 
2.382(3)A]. Rorabacher et a.! 	have prepared the Cu(II) 
complex of this ligand, in an attempt to obtain a simple 
model for the blue copper proteins. 
12+ 
Fig.5 .3: 
Si ngle crystal structur 
of {Ni 2 Cl 2 ((l2laneS 4 ) 2 ] 
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Recently, 	{PtMe 3 ([12]aneS 4 )]Cl, a Pt(IV) complex 
incorporating [12]aneS 4 has been reported 
159 . 
 The X-ray 
structure shows octahedral Pt(IV) bound facially to three 
Me groups and to three S-donors of the endodentate 
inacrocycle, leaving one sulphur unco-ordinated, (7). This 
complex exhibits fluxional behaviour in solution, 
attributed to a ligarid commutation involving exchange 
between metal-co-ordinated and unco-ordinated sulphur 
atoms of the macrocycle. 
Me 1+ 
me Li 
[16 laneS 4 
Very few examples of transition metal complexes 
- 	 67,160.161 
incorporating [16]aneS4 have been reported 
Recently 	however, 	Yoshida 	and co-workers 
162
have 
published the binding of Mo(0) and Mo(II) 	to a related 
16--membered tetrathia macrocycle, 	(8). 	The complexes 
[Mo(L)(CO) 2 ] 	and 	[M0X 2 (L)i 	(X= 	CI, 	Br) 	exhibit 
trans-configurations. 	N.m.r. 	and 	single 	crystal X-ray 
diffraction 	confirm 	that 	[Mo(L)(C0) 2 1 	adopts 	a 
cccc-conformation, 	with all 	four six-membered chelate 
rings assuming the chair-form. Me Me 
M~U 
çe 
-167- Me Me 
[28] aneS 8 
The preparation of the large ring octathia 
macrocycle, [28laneS 8 was first reported by Travis and 
Busch in 1970 163. The ligand was prepared by a [2+21 
cyclisation between the dianion of 
1,4,8.11-tetrathioundecane with 1,3-dibromopropane. 
Travis and Busch have shown that [28]aneS8 reacts 
with 	Ni(II) 	to 	give 	a 	binuclear 	complex 
[Ni 2 ([28]aneS 8 )] 4 . 	However, 	only 	insoluble 	metal 
complexes were obtained by reaction of this 	ligand with 
MC1 4 . 	(M= Pd. 	Pt). 	These products show a metal to 
ligarid ratio of 4:1, and it was proposed that the ligand 
binds in a bidentate manner towards each metal ion, with 
Cl ligands completing the square planar metal 
co-ordination 	sphere 163. 	No other metal complexes 
incorporating this macrocycle have been reported. 
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5.2: Results and Discussion 
The approach adopted was based on synthesis of 
the Pd(II) precursors followed by electrochemical 
reduction and characterisation of the redox products. 
5. 2 . 1: 	[Pd ([12] aneS4) ] (PF6) 
2 
Reaction of K 2 PdCI 4 with one molar equivalent of 
[12JaneS 4 in refluxing MeOH/11 2 0 afforded a bright yellow 
solution. Addition of excess P1? 6 counterion gave a 
yellow precipitate which was recrystallised from MeCN. 
Importantly, the I.R. spectrum of the complex 
shows no bands in the range 250-400cm 1 , thus precluding 
the formation of any species involving Pd-Cl bonds. The 
f.a.b. mass spectrum of the complex exhibits molecular 
ion peaks at M 491 and 345. On the basis of their 
isotopic 	distributions, 	these 	are 	assigned 	to 
1 106 Pd([121aneS 4 )PF 6 1 	and 	1
106
Pd([ 12 ]aneS 4 - H)i 
respectively.--T-he 
1 H n.m.r. spectrum of the complex shows 
an AABB' pattern at 5= 3.51-3.58 and 	3.81-3.88ppm. 	due 
to 	the 	inequivalence of the axial and equatorial 
methylene protons, while the 13 C DEPT n.m.r. spectrum 
shows one methylene carbon resonance at 6= 39.05ppm, 
indicating square planar co-ordination of the Pd(1I) 
centre to all four macrocyclic S-donors. This together 
with microana].ytical and UV/vis spectral data confirms 
the formulation IPd([121aneS 4 )](PF 6 ) 2 . In order to 
confirm the stereochemistry and conformation adopted, and 
to determine the extent of displacement of the Pd(II) ion 
-169- 
out of the macrocyclic cavity, 	a single crystal X-ray 
analysis was undertaken. 
5.2.2: Single Crystal Structure of 
[Pd ([12] aneS 4 ) ] (PF6) 
2 
 MeCN 
Details of the structure solution and refinement 
are given in the Experimental Section. 	Relevant bond 
lengths, 	angles 	and 	torsion angles are given in 
Tables 5.1, 5.2 and 5.3 respectively. Two ORTEP plots 
revealing the geometry of the cation are presented in 
Figs. 5.4 and 5.5.. 
The structure shows the Pd(II) 	ion occupying a 
crystallographic mirror plane and co-ordinated in a 
distorted square planar 	arrangement 	to 	all 	four 
macrocyclic 	 S-donors 	 [Pd-S(1)= 2.280(4), 
Pd-S(4)= 2.306(4)]. The angles around Pd(II) 	are 	close 
to 
9Ø0 The complex adopts a cccc-conformation, with all 
four chelate rings directed to one face of the Pd atom. 
As a consequence of the bad size-match of the 12-membered 
ring macrocycle and the relatively large Pd(II) ion, the 
metal is displaced above the four precisely coplanar 
0 
S-donors by 0.3116A, in the opposite 	direction to 	the 
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Crystal Structure of 




Table 5.1: Selected Bond Lengths(A) with e.s.d.'s 
Pd(1) -S(1) 	2.280(4) 	Pd(1) -S(4) 	2.307(4) 
Table 5.2: Selected Angles( °) with e.s.d.'s 
S(l)-Pd(1)-S(4) 88.59(14) S(4)-C(3)-(C2') 111.4(10) 
S(1)-Pd(1)- S(1D) 90.32( 4) Pd(1)- S(4)-C(3) 98.7(4) 
S(4)-Pd(1)-S(4D) 88.28(14) Pd(l)- S(4)-C(5) 96.3(6) 
Pd(1)-S(1)  96.7(6) Pd(1)- S(4)- C(5') 106.4(6) 
Pd(1)-S(l) -C(12) 100.6(5) C(3)-S(4)-C(5) 90.2(7) 
Pd(1)-S(1) -C82) 104.4(6) C(3)- S(4)- C(5') 111.1(8) 
C(2)-S(1) -C(12) 90.6(8) S(4)-C(5)-C(50) 117.5(12) 
C(12)-S(1) -C(2') 116.0(7) S(1)-c(12) -C(12D) 117.9(10) 
S(1)-C(2)  113.8(3) S(4) -C(S) -C(5'D) 117.5(14) 
C(2)-C(3) -S(4) 118.8(11) S(1) -C(2')-C(3) 113.8(2) 
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Table 5.3: Selected Torsion Angles( °) with e.s.d.'s 
C(12) - 	 S(1) - 	 C(2) - 	 C(3) -145.7(13) 
C(2') - 	 C(3) - 	 S(4) -C(5') 162.6(11) 
 -S(1) -C812) -C(120) 120.7(12) 
S(4) -C(3) -C(2') -S(l) -45.4(14) 
C(2') -S(1) -C(12) -C(12D) 135.7(11) 
 -S(4) -C(5) -C(5D) -130.7(13) 
C(12) -S(1) -C(2') -C(3) -94.8(13) 
C(3) - 	 S(4) -C(5') -C(5'D) -120.0(14) 
S(1) - 	 C(2) - 	 C(3) - 	 S(4) 22.3(17) 
S(4) --C(5) -C(5D) -S(4D) 0.1(18) 
C(2) - 	 C(3) - 	 S(4) - 	 C(S) 109.4(13) 
S(1) -C812) -C(12D)-S(1D) 0.1(15) 
C(2) -C(3) -S(4) -C(S') 124.3(13) 
S(4) -C(5') -C(5D)-S(4D) -0.1(21) 
C(27) - 	 C(3) - 	 S(4) - 	 C(S) 147.7(12) 
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5.2.3: [M([14]aneS 4 )](Pt' 6 ) 2 , (M= Pd. Pt) 
The 	Pd(II) 	and Pt(II) 	complexes of [ 1 4]aneS 4 , 
[M([1 4 ]aneS 4 )] 2 	have been 	prepared 	previously 	in 
Edinburgh 4,164 The 	single 	crystal 	structure of 
[Pd([14]aneS 4 )] 2 	shows Pd(II) bound in a square planar 
arrangement 	to all 	four 	macrocyclic 	S-donors, 




Pd-S(8)= 2.308(8), 	Pd-S(11)= 2.278(10)AJ, as illustrated 
in Fig. 5.6. 	It 
	
can be seen from this 	that 	like 
1Pd(12]aneS 4 )] 2 , 	the 	complex 	adopts 	a 
ccc c - Co U f o r mat ion with all of 	the methylene 	chains 
directed to one face of the PdS 4 plane. In this case, the 
metal 	is displaced out of the least-squares S 4 plane by 
only 0.0381,, reflecting the 	larger 	hole-size 	of 	this 
ii g an d. 
Fig. 5.6:Single crystal 	tructure of 
IPd([14]aneS 4 )I 
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5.2.4: [M({16]aneS 4 )}(PF 6 ) 2 , (M= Pd, Pt) 
Treatment of PdC1 2 with one molar equivalent of 
[16]aneS 4 under similar conditions to those employed for 
the synthesis of [Pd([12]aneS 4 )1 2 , yielded a yellow 
crystalline solid. 
The f.a.b. mass spectrum of the complex reveals 
molecular 	ion peaks at M= 547, 	439, 	419 and 401, 
corresponding 	 to 	 [ 106 Pd([16]aneS 4 )PF 6 1, 
[ 106 Pd([16]aneS 4 ).2H 2 O-H], [ 106 Pd([16]aneS 4 ).H 2 0-H] 	and 
t 106 Pd({161aneS 4 -Et)] respectively. The 1 H n.m.r. 
spectrum of the product measured at 298K reveals two 
broadened second order resonances at ô= 3.19-3.33 and 
2.50-2.69ppm. These integrate as 2:1, and thus, are 
assigned to Sd 2 and CH 2 CH 2 CH 2 respectively. The 13 C DEPT 
n.m.r. spectrum of the complex measured at 50.32MHz, 298K 
reveals two distinct methylene carbon resonances for the 
complex, at ô= 33.78 (SC11 2 , 8C) and 23.18ppm (C11 2 CH 2 CH 2 , 
4C), corresponding to a fully symmetric conformation. 
Interestingly, the 13 C DEPT n.m.r. spectrum measured at 
90.56MHz, 298K shows six distinct methylene resonances 
indicating the presence of two different isomers. The 
resonances at 6= 33.43 (SCH 2 , 8C) and 23.68ppm 
(CH 2 CH 2 CH 2 , 4C) are consistent with a symmetric isomer, 
while those at 8= 35.19 (SCH 2 , 4C), 31.86 (SCH 2 , 4C), 
23.98 (CH 2 CE-1 2 CH 2 , 2C) and 21.62ppm 	(CH 2 CH 2 CH 2 , 	2C) 	are 
consistent with a 	less symmetric isomer. These results 
show that in solution at 298K there are different 
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conformations rapidly interconverting via a ring-flipping 
mechanism, and at high-field the rate of interconversion 
is sufficiently low 	to observe 	two distinct sets of 
resonances (Fig. 5.7). This time averaging process is 
probably a consequence of the flexibility of the propyl 
linkages. These data, together with microanalyses and 
I.R. spectroscopy, confirm our assignment of the product 
as [Pd( [16]aneS 4 ) j (PF6) 2 
In order to confirm the stereochemistry around 
the central metal ion, and to determine which 
conformation is preferred in the solid phase, a single 
crystal X-ray structural analysis was undertaken. 
-176--  
5.7:C DEPT n . m . r . spectrum of IPd(L1 6
1 afleS 4 )i 
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5.2.5: Single Crystal Structure of 
[Pd([16JaneS 4 )](PF 6 ) 2 
Details of the structure solution and refinement 
are given in the Experimental Section. Lists of relevant 
bond lengths, angles and torsions are given in Tables 
5.4, 5.5 and 5.6 respectively. Two ORTEP plots 
illustrating the geometry of the cation are presented in 
Figs. 5.8 and 5.9. 
The 	structure 	shows 	two 	independent 
half-molecules per unit cell. Each Pd(II) ion occupies 	a 
crystallographic inversion centre, 	and is bound to all 
four S-donor atoms of the macrocycle in a square planar 
geometry 	[Pd-S(1)= 2.304(10), Pd-S(5) 	2.303(10)i, with 
all angles around Pd(II) close to 90. The macrocyclic 
complex adopts a ctct-conformation in the solid state, 
with two adjacent six-membered chelate rings directed 
above the PdS 4 co-ordination plane, and the other two 
below. The Pd-(11) ion lies precisely in the plane of the 
four S-donors as a direct consequence of the 





Fig. 5.8:View of the single crystal 	24 
structure of [Pd([1 6 aneS 4 )I 
Fig. 5.9:AlternatiVe view of the single 
crystal structure of fyd(1 16 ]aneS 4 )] 
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Single Crystal Structure of 
[Pd( [16]aneS 4 )] (PF6) 2 
0 
Table 5.4: Selected Bond Lengths(A) with e.s.d.'s 
Pd(1)-S(Ii) 	2.304(10) Pd(2)-S(21) 	2.300(10) 
Pd(l)-S(15) 	2.303(10) Pd(2)-S(25) 	2.315(9) 
Table 5.5: 
S(11)-Pd(l)  -s (11 
S(11)-Pd(1) -S(15) 
Pd( 1) -S(11) -C( 12) 
Pd (1 ) -S ( ii ')-C (18) 
C( 18)-S( 11') -C( 12') 
Pd(1 )-S( 15) -C(14) 
Pd(1)-S(15) -C(16) 
C(14)-S(15)  -C (16) 
S( 11) -C( 12) -C( 13) 
C(12)-C(13)  -C (14) 
S(15)-C(14)  -C (13) 
S(15)-C(16) -C(17 
C(16)-C(17)  -C (18) 
C(26)-C(27) -C(28) 
Selected Angles( °) with e.s.d.'s 
179.9(4) S(21) -Pd(2) -S(21 1 ) 179.9(3) 
	
83.3( 3) S(21) -Pd(2) -S(25) 	91.2( 3) 
107.9(11) Pd(2) -S(21) -C(22) 	105.8(9) 
115.0(14) Pd(2) --S(21 1 )-C(28) 	108.7(9) 
92.5(17) C(28) -S(21 1 )-C(22 1 ) 	92.8(12) 
110.4(10) Pd(2) -S(25) -C(24) 	104.6(9) 
118.3(10) Pd(2) -S(25) -C(26) 	112.3(10) 
94.5(13) C(24)-S(25) -C(26) 	97.8(12) 
121.2(22) S(21) -C(22) -C(23) 	113.2(17) 
117.5(26) C(22) -C(23) -C(24) 	114.1(22) 
113.2(20) S(25) -C(24) -C(23) 	114.0(18) 
113.5(21) S(25) -C(26) -C(27) 	114.4(20) 
140.9(31) S(11')-C(18) -C(17) 	116.9(28) 
115.7(23) S(21')-C(28) -C(27) 	106.0(19) 
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Table 5.6: Selected Torsion Angles( °) with e.s.d.'s 
C(12')-S(11')-C(18) -C(17) 
S(21) -Pd(2) -S(25) -C(26) 
C(18) -S(11' )-C(12' )-C(13' 
Pd(2) -S(21) -C(22) -C(23) 
C(16) -S(15) -C(14) -C(13) 
Pd(2) -S(21')-C(28) -C(27) 
C(14) -S(15) -C(16) -C(17) 
C(22' )-S(21 )-C(28) -C(27) 
S(11) -C(12) -C(13) -C(14) 
C(28) -S (21 ')-C (22 ) -C (23 
C(12) -C(13) -C(14) -S(15) 
Pd(2) -S(25) -C(24) -C(23) 
S(15) -C(16) -C(17) -C(18) 
C(26) -S(25) -C(24) -C(23) 
C(16) -C(17) -C(18) -S(11' 
Pd(2) -S(25) -C(26) -C(27) 
S(21')-Pd(2) -S(21) -C(22) 
C(24) -S(25) -C(26) -C(27) 
S(25) -Pd(2) -S(21) -C(22) 
S(21) -C(22) -C(23) -C(24) 
S(21) -Pd(2) -S(21')-C(28) 
C(22) -C(23) -C(24) -S(25) 
S(25) -Pd(2) -S(21')-,C(23) 
S(25) -C(26) -C(27) -C(28) 
S(21)-Pd(2) -S(25) -C(24) 


























-81 . 7 (25) 
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The 	Pt(II) 	analogue, 	{Pt([16]aneS 4 )j(PF6 ) 2 was 
prepared by the same method as for the Pd(II) complex 
above. The I.R. spectrum of the resulting cream-coloured 
solid shows bands assigned to v(C-H) (3000, 2920. 
2845cm) and 6(C-H) (1440, 1420). Bands characteristic 
of PF6 counterion are also apparent at 840 (v(P-F)) and 
555cm 1 (ô(P-F)). The f.a.b. mass spectrum of the complex 
shows molecular ion peaks at 636 and 490, assigned to 
195 	 + 	 195 	 + Pt({16]aneS 4 )PF 6 1 and 	[ 	Pt([16]aneS 4 -H)J 
respectively. These data together with microanalyses 
confirm 	the 	formulation 	of 	this 	product 	as 
[Pt(I16IaneS 4 )](PF 6 ) 2 . 	Furthermore, 	the 	data 	strongly 
indicate 	that 	this 	system 	is 	isostructural with its 
Pd(II) 	analogue. 	The 111 	n.m.r. 	spectrum 	of 
{Pt([ 16 ]aneS 4 )J 2 measured at 360.13MHz, 298K, like its 
Pd analogue, shows two very broad resonances. Temperature 
dependence is confirmed by a variable temperature study, 
and cooling to 238K, results in significant sharpening of 
each of these resonances, giving complex second order 
multiplets at ô= 3.06-3.28 (SCH 2 , 16H) and 2.31-2.55ppm 
(CH 2 CH 2 CH 2 . 811), (Fig. 5.10). Interestingly both of these 
multiplets exhibit 195  Ptsatellites (1=1/2, 33.0?), 
although 3 1 	 and 4 1 	 cannot be discerned accurately 
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Fig. 5.10: 
Variable temperature 1 H n.m.r. spectra of [Pt([161aneS 4 )1 2 
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(CD 3 CN, 360.13MHZ) 
The 
13 
 C DEPT n.m.r. spectrum measured at 50.32MHz. 	298K, 
is also broadened, 	with two resonances at 3- 32.96 and 
24.26ppm, assigned to SCH 2 and CH 2 CH 2 CH 2 respectively. 
Measuring this spectrum at 90.56MHz, 298K results in 
significant sharpening of the signals. The spectrum shows 
methylene carbon resonances corresponding to several 
different conformations at ä= 33.12 (SCH 2 , 8C) and 
23.79ppm (CH 2 CH 2 CH 2 , -4C) 	due to 	a 	symmetric 	isomer; 
3= 35.61 	(SCH 2 , 4C) , 31.52 (SCH 2 , 4C) , 24.05 (CH 2 CH 2 CH 2 , 
2C) and 21.74ppm (CH 2 CEI 2 CH 2 , 2C) 	due 	to an asymmetric 
isomer. Further weak resonances at 5= 33.81, 31.70, 22.67 
and 	20.55ppm 	are 	tentatively assigned to another 
asymmetric isomer, (Fig. 5.11). This evidence suggests 
that the Pt(II) and Pd(II) complexes of [16]aneS 4 exhibit 
similar characteristics in solution. 
-184- 
13 c DEPT n.m.r. spectrj 	of [Pt(I16]ar1eS)2 




3~ 	 240 
35 	
PPM 	 15 
5.2.6: [M 2 ([28]arieS 8 )j(PF 6 ) 4 , (M= Pd, Pt) 
Reaction of two molar equivalents of K 2 {PdCI 4 ] 
with one molar equivalent of [28]aneS 8 in refluxing 
MeOH/H 2 0 afforded a bright yellow precipitate probably 
corresponding to [Pd 4 CI 8 ([28]aneS 8 )J initially. Prolonged 
refluxing resulted in slow dissolution of this to give a 
bright yellow solution. Addition of excess PF 6 
counterion gave a 	yellow 	precipitate, 	which 	was 
recrystallised from MeCN/H 2 0. 
Importantly, 	the 	I.R. 	spectrum of this complex 
shows no Pd-Cl stretching vibrations in the 	range 
400-250cm 1 . The f.a.b. mass spectrum of the complex 
reveals molecular ion peaks with the correct isotopic 
distributions at M= 1184, 1076, 1058, 1037, 928, 911, 
892 and 749. These are assigned to 
t
106
Pd 2 ([28]aneS 8 +H)(PF 6 ) 3 1, 
[ 106 Pd 2 ((28]aneS 8 )(PF 6 ) 2 .2R 2 0+2Hi, 
[ 106 Pd 2 ([28]aneS 8 )(PF 6 ) 2 .H 2 01, 
i 106 Pd 2 ([28]aneS 8 -H)(PF 6 ) 2 ], 
[ 106 Pd 2 ([28]aneS).PF.2F{0-1H, 
106 
	
[ 	Pd 2 ((281aneS 8 ).PF 6 .H 2 0i, 
[ 106 Pd 2 ([28]aneS 8 -H).PF 6 ] 	and 
[ 106 Pd 2 ([28]aneS 8 +H)] 	respectively. 
The 
1 
 H n.m.r. spectrum of the complex, measured at 298K, 
shows two broad, 	second order multiplets due to the 
rnacrocyclic methylene protons, at 6=,2.7-4.0 (SCH 2 ), 	and 
2.2-2.5ppm 	(CH 2 CH 2 CH 2 ). 	Recording 	the 	spectrum at 
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360.13MHz, 	298K, 	results 	in 	significant sharpening of 
these multiplets, indicating an averaging process in 
solution. This probably corresponds to interconversion of 
different conformations in solution, as observed for 
[M([l6]aneS 4 2 )] 	, 	( M= Pd, 	Pt). 	The 	C 	DEPT 	n.m.r. 
spectrum of 	the complex, 	measured at 50.32MHz, 298K, 
reveals six major CH 	resonances 	at 6= 41.60, 	39.62, 
36.56. 35.73, 33.48 and 25.59ppm, consistent with a 
binuclear complex in which each Pd(II) centre is bound to 
four sulphur-donors in a square planar stereochemistry. 
Several other much less intense CH  resonances are also 
apparent at ô= 37.28, 37.07, 24.18, 23.84 and 23.51ppm, 
consistent with the oresence of a second isomer in 
solution. This is confirmed by measuring the 13 C DEPT 
n.m.r. spectrum at 90.56MHz, 298K, (Fig. 5.12). This 
spectrum provides clear evidence for two 	different 
conformations 	in 	solution, with ô= 41.26, 39.37, 36.14, 
35.23 (4xSCH 2 , 16C) and 25.09ppm (CH 2 CH 2 CH 2 , 4C) due to 
the presence of a fully symmetrical conformation, and 
ô= 37.03, 36.82, 36.14 (overlapping), 35.88, 32.83, 
32.69, 32.48, 32.33 (8xSCH 2 . 116C), 23.56 (CI! 2tH 2 CI1 2 , 1C). 
23.08 (CH 2 CH 2 CH 2 , 2C) and 22.59ppm (CH 2 CH 2 CH 2 , 1C) 
consistent with the presence of a less symmetrical isomer 
in which one six-membered chelate ring has flipped into 
the opposite configuration. 	These data, together with 
microanalytical and UV/vis spectral data, 	confirm our 
assignment of the product as [Pd 2 ([ 28 ]aneS 8 )](PF 6 ) 4 . 
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13 	DEPT n 	. spectrum of LPd 2 (t2 8 iafleS8) 
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The 	analogous 	binuclear Pt(II) complex was 
prepared by a similar method. This product was confirmed 
to be [Pt 2 ([ 28 ]aneS 8 )](PF 6 ) 4 on the basis of 
microanalytical data and I.R. spectroscopy, (v(C-H) 2960, 
2900, 6(C--H) 1420, (P-F) 840, &(P-F) 555cm 1 ). The 
f.a.b. 	mass 	spectrum 	is 	in 	accord with this, showing 
molecular 	ion 	peaks 	with 	the 	correct 	Isotopic 
distributions 
	
	at 	M= 1360, 	1250, 1232, 1213, 1105, 189 
and 1069. These are assigned to 
[ 195 Pt 2 ([28]aneS 8 - H)(PF 6 ) 3 1, + 
F 195 Pt  ([28] aneS 8 ) ( PP6) 2  2U20-2H] 
- 	[ 195 Pt 2 ([28}aneS 8 )(PF 6 ) 2 .E! 2 0-2H], 
5 Pt 2 28jaS 8 3F62 1, 
[ 	'Pt 2 ((28laneS 8 ).PF 6 .2H 2 0-2H] 
i9r9t228neS8G201+ and 
[ 	Pt 2 ([ 28 ]aneS 8 -2 H).PF 6 } 	respectively. 
The 1 F1 n.m.r. spectrum of the complex shows broad second 
order 	multiplets at ô= 3.46-2.96 (SCR 2 ) and 2.22-1.96ppm 
(CH 2 CH 2 CH 2 ) . 	The 13 C 	DEPT 	n.m.r. 	spectrum 	of 
(Pt 2 (l28JaneS 8 )] 	exhibits methylene carbon resonances 
at 6= 40.24, 38.46, 37.25, 36.73, 	36.30, 	35.67, 	35.13, 
33.83, 33.61, 25.29 and 23.28ppm. These data indicate the 
presence 	of 	more 	than 	one 	isomer 	in solution, 
interchanging rapidly, 	probably via a 	ring-flipping 
mechanism, as proposed for the Pd analogue above. 
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5.3:Electrochemical Study of {M(L)j 2 	 )] and [M 2 ([28]aneS 8 4 , 
(M= Pd, Pt, L= {12]aneS 4 . (14]aneS 4 , [16]aneS 4 ) 
5.3.1: Palladium 
Table 5.7 lists the reduction prov 	- and 
UV/vis spectral data for all of the palladium complexes 
stud I e d. 
Table 5.7: 	UV/vis spectral data for Pd tetrathia 
and octathia macrocyclic complexes 
(in MeCN/0.1M NBu 4 PF 6 ) 
Complex 	 1st Red Product 	2nd Red o Product 
A 	( 	) 	 A 	Max) ax max m max  
[Pd({12]aneS 4 )] 2 	384 	(44,290) 	 - 
272 	(32,870) 




{Pd([161aneS 4 )] 2 	449 	(3,770) 	 588 	(8,530) 
369 	(6,170) 
273 	(3,940) 
[Pd 2 ((28]aneS 8 )] 4 	431 	(8,870) 	 - 
361 	(8.770) 
276 	(12,850) 
Note: A in urn, 6 in M 1 crn 1 
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{ 14 1 a n e S 4 
Cyclic 	voltammetry 	of 	[Pd([14]aneS 4 )}(PF 6 ) 2 
measured at 298K in MeCN (0.1M N Bun  4PF6 supporting 
electrolyte) at platinum electrodes, shows two 
irreversible reductions at Ep= -0.90 and -1.69V vs. 
Fc/Fc (scan rate= 160mVs
1
). No oxidative activity is 
observed within the solvent range 	(0 to 	+2.OV vs. 
Fc/Fc). 	Upon cooling to 238K, and increasing the scan 
rate to lOVs 1 , 	the first reduction becomes 	fully 
reversible (E 112 = -0.87V vs. Fc/Fc). 
A 	quantitative 	investigation 	of the first 
reduction 	process 	was 	undertaken. 	Coulometry 	of 
{Pd(14)aneS 4 )] 2 , measured at -l.OV, 298K in MeCN(0.1M 
NBu 4 PF 6 supporting electrolyte) at a platinum basket, 
confirms that this reduction corresponds to a 
one-electron process 	(n= 	1.03 	electrons). 	Similar 
behaviour is observed in acetone. During bulk 
electrolysis the solution changes to an orange colour 
prior to giving a final intense-purple colour. Both the 
orange and the purple air--sensitive solutions were found 
to be e.s.r silent. Controlled potential electrolysis at 
-1.OV, 238K in the same medium gives a bright yellow 
solution initially. The e.s.r spectrum (measured at 77K, 
MeCN glass) of this bright yellow solution shows a weak 
anisotropic signal with axial symmetry, g 11 = 2.092, g, = 
2.045. Hyperfine coupling 	to 	
105 
 Pd(1=1/2. 	22.2%) 	is 
discernible 	in 	the 	g , 	region, 	giving 	A,L= 32G, 
-191- 
(Fig. 5.13). These spectral features are consistent 	with 
i 	 9nitial 	formation of a genuine d 	Pd(I) monomeric 
117-119,129,130 
species 	 . This paramagnetic species is 
rapidly 	quenched upon increasing its concentration. 
giving an e.s.r. silent orange material, and subsequently 
a purple solution. This behaviour is characteristic of a 
bimolecular process probably corresponding to a 
dimerisation via formation of a direct metal-metal bond. 
The orange solution is apparently redox inactive. 
However, this material is stable only at low temperature, 
and there may be a kinetic barrier at this temperature 
inhibiting oxidation. The cyclic voltammogram of the 
purple solution measured at 308K shows a rather broad and 
ill-defined oxidation at E
pa 
 +0.09V vs. Fc/Fc. 
Controlled 	potential 	electrolysis 	at 	308K 	, 	1-0.25V 




arieS 4 ) I 
Facile dimerisation via formation of a direct 
metal-metal bond is characteristic of the second and 
third series transition metals; A number of platinum 
metal porphyrin complexes incorporating unsupported 
metal-metal bonds of the general type [M 2 P 2 ], (M= Ru(IJ), 
Os(II) , Rh(II) and Ir( II), P= OEP 2 and TTP 2 ) have been 
reported 
165-169. 
 Theseact as precursors for highly 
reactive monomeric systems; for example. [Rh 2 P 2 ] acts as 
a source of the highly reactive [RhP] 	radical, which has 
been shown to effectively bind and activate 	small 
molecules such as NO and 02. 37. Wayland and co-workers 
have also shown that this dimer provides a source of 
Rh(OEP)H, 	which readily undergoes Co insertion into the 







CO 	 (9) 
- 	insertion 
Interestingly, 	this process is the only example of an 
equilibrium between a metal hydride and CO where the 
32,38 
formyl product is thermally favoured 
All 	of these netalloporphyrin dimers can undergo 
a large number of insertion an 	binding reactions. 	A 
representative 	summary 	of 	the 	chemistry 	of the 
diruthenium 	species 	IRu 2 (OEP) 2 i 	is 	illustrated 	in 
- 	3 .7 
Fig. o.14 
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In addition, 	highly nucleophilic M(I) porphyrin 
anions can be generated electrochemically (M= Fe, Co, 	Rh 
and Ir). 	These potent metal anions react with alkyl 
halides to give M(III) porphyrin alkyls, 	(10). 	In 	some 
cases, 	even C-C bonds in strained carbocyci.jc rings can 






MFe, Co, Rh, Ir 	 porph 
There 	are only three important examples of 
non-porphyrinoid 	metal-metal 	bonded 	macrocyclic 
complexes. These include the Ni(I)-Nl(r) dimer reported 
by Addison et a! 170, incorporating the tetra-aza cyclops 
ligand, (11): 
2 [Ni (cyclops) 1 + + 	2 [Ni (cyclops)] 	- [Ni (cyclops)( 2 
F2 	(11) 
The dimerisatj.on consta'nt f'or this reaction, K. 
a
, has been 
determined as 5900+200. 
Both of the other examples, 	[M 2 L 2 1, 	[M= Rh(l1) 
Ru(II)] 171 	incorporate 	the 	di-anionic 	tetra-aza 
macrcycle, (12), and involve an unsupported 	metal-metal 
bond. 	The Rh(1I)-Rh(II) and di.mei' has been characterised 
0 by X-ray crystallography [Rh-Rh bond 	length= 2.625(2)A], 
and in each case the macrocycle adopts a saddle-shaped 
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conformation directed away from the metal-metal bond, 	as 
a consequence of the steric interactions between the 
methyl groups and the benzenoid 	rings. 	No 	other 






A few diamagnetic non-macrocyclic Pd complexes 
involving 	a 	Pd(I)-Pd(I) 	bond 	are 	known. 	The 
complex-cation [Pd 2 (CNMe) 6 ] 2 is probably the most 
extensively studied example 172,173 This stable species 
has been shown by single crystal X-ray crystallography to 
have the staggered structure, (13), with an unsupported 
0 
Pd(I)-Pd(I) bond of 2.5301(9)A. In solution the cation is 
fluxional. 	This 	is thought to be due either to free 
rotation about the metal--metal bond, 	or an equilibrium 
between the Pd(I)-Pd(I) dimer and a Pd(II)-Pd(0) dimer. 
Me 
N 




N 	 (13) 
Me Me 
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Fi.5.14:Summary of Coliman's work on 
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CD  = OEP 	 WIPSM 
Many of the Pd(I)-Pd(I) dimers reported require 
-acceptor 	ligands 	to 	stabilise 	them, 	e.g. 	dppm, 
thiophosphide 174,175 These species have metal-metal 
bonds 	in 	the 	range 	2.6-3.5.. 	In 	most 	cases 	the 
metal-metal bond is also highly reactive, especially 
176-179 
towards 	insertion 	of 	small 	molecules 	 , 	as 
illustrated for the bridged phosphine dinier in Fig. 5.14. 
The metal-metal bond can be ruptured in many instances by 
UV irradiation, 	generating a paramagnetic metal-based 
180 
radical 
Ph 2 pPh 2 	 Ph2 p 1'' pPh2 
	
I 	 A 	 I 
ci —  Pd 	Pd — Ct 	M UL—Pd 7 Pd-Ct 
.1 	 I 	I 
P Ph Ph Ph2 	Ph2 	 2 	 2 
Fig 	._:InsertiOfl reactions of Pd 2 C1 2 (dppm) 2 	A= CO, 
In an effort to elucidate the nature of the 
products from the reduction of [Pd({14]aneS 4 )i 2 , the 
one-electron reduction was followed at 243K by in situ 
tJV/vis spectroscopy using an 0.T.T.L.E. system. The 
reduction occurs isosbestically (A. iso = 350, 241m), 	with 
loss of 	intensity of the absorption bands at A max = 330 
and 265nm. This is accompanied by the growth of three new 
absorption bands at A 	= 421. 376 and 218nm as shown in max 
Fig. 5.16. 	Maintaining 	the same reduction potential and 
warming the solution to 273K results in a further 
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conversion to the 	purple species. The spectrum of this 
latter species is essentially featureless, except for an 
intense band at A 	= - 67nm 	(6 	ca 8,200M
-1 
 cm- l) 	as max 	 max 
shown in Fig. 5.17. Importantly, 	no 	current 	is 	passed 
during conversion of the orange product to the purple 
species, and reoxidation at +0.25V, 298K regenerates the 
original Pd(II) complex quantitatively. 
The results 	from this study indicate that the 
first reduction process involves formation of a transient 
metal-based radical species, [Pd(tI141aneS 4 )}, which is 
rapidly quenched to form an orange diamagnetic product. 
It is highly likely that this corresponds to the 
Pd(I)-Pd(I) 	metal-metal 	bonded 	species 	as proposed in 
Fig. 5.18. 
• 	 2+ CC sp  Pd, S• S 
	
S"i 	\,-,/S 
FJg.5.18:proposed structure of (Pd2([14]anes)I 2+ 
(orange d.imer) 
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spectrum showing conversion of 
eS 4 ) 2 ] 2 	(orange dimer) to 
uct (MeCN/O.1M NBu " 4 PF 6 , 273K) 
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Consideration 	of 	the 	stereochemist.ry 	and 	ligand 
conformation in the Pd(II) precursor suggests that this 
clipping together of two Pd(I) monomers might be 
extremely facile, due to the availability of one face of 
the central metal. The results show that this product 
undergoes a further change which is apparently 
kinetically controlled yielding a purple species. The 
nature of this species is not known. However, most of the 
Pd(I)-Pd(I) dimeric complexes reported are 16-electron 
species, where each metal ion is four co-ordinate with 
the metal-metal bond ocupying one of these sites 172179 
The results from this study strongly suggest that the 
first diamagnetic species generated (orange) corresponds 
to[Pd 2 ([l 4 }aneS 4 ) 2 ] 2, in which each Pd(J) centre 
remains bound to all four thioether donors, with the 
metal-metal bond occupying, a fifth co-ordination site, 
with each metal being formally an 18-electron centre. We 
tentatively suggest that the purple species formed upon 
warming may correspond to a different Pd(I)-Pd(l) dimer 
in which each metal has 16-electrons associated. It is 
likely that such a species would form by a simple 
rearrangement involving cleavage of one Pd-s bond on each 
metal ion, to give the complex proposed in Fig. 5.19, 
where each Pd(I) 	ion is four co-ordinate with one 
dangling 	S-donor. 	The 	formation of 	a 	Pd(II)-Pd(0) 
species, however, cannot be ruled out. 
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Jg.5.19:Proposed structure of second reductio5 4 
product (purple) from [Pd([14]aneS 4 )] 
2+ 
I :(- _- 
In order to determine the origin of the new 
absorption bands at 2= 376 and 421m (orange product) 
and 2= 567nm (purple product), an in situ UV/vis 
spectroscopic 	study 	in 	acetone at 228K using an 
O.T.T.L.E. system was performed. The LJV/vis 	spectrum of 
[Pd({14]aneS 
4 max 
)]2+ shows an absorption band at A = 325nm 
(the second high energy band is obscured beneath the 
solvent front). This represents a 5nni shift upon changing 
the solvent, and such solvent dependence is 
characteristic of ligand— metal charge-transfer 
transitions. In contrast, the bands corresponding to the 
orange and the purple solutions exhibit no solvent 
dependence, (2= 376, 421 (orange), 567nm (purple). 
This 	behaviour 	suggests 	that 	these bands are a 
consequence of transitions within the metal-metal bonded 
* 
framework - probably a—p a 	transitions. However, in 
order to confirm this, studies in solvents of more widely 
ranging dielectric constants are required. A fast-scan 
cyclic voltammetric study of 	the 	first reduction of 
[Pd([14]aneS 4 )] 2 	was undertaken. The results (Table 5.8, 
Fig. 5.20) 	show 	that 	the 	reduction 	becomes 	more 
reversible at 	low temperature and fast scan-rate. This 
-203- 
confirms that a bimolecular process 	is 	responsible 	for 
the quenching of the Pd(T) monomer. [Pd([14]aneS 4 )J. 
Table 5.8: Variable Scan-Rate and Concentration Study of the 
Reductive Cyclic Voltammogram of [Pd([14]aneS 4 )] 2 
(MeCN/0.1M NBu 11 4 PF 6 , 238K) 
scan_ratea  i 	ii concentration 
 
pa 	pc  
-1 . 3 	-3 
Vs xiO moldm 
0.10 0.364 12.87 
0.50 0.373 6.44 
1.00 .0.404 3.40 
2.00 0.523 1.70 
5.00 0.600 1.13 
10.00 0.688 0.85 
	
20.00 	 0.698 
30.00 	 0.766 
40.00 	 0.810 
a) concentration= 1.287x10
-2 
 mo.Jdm -3 









A study of the electrochemistry of the related 
Pd(II) 	tetrathia 	complexes, 	[Pd([12]aneS 4 )j 2 	and 
[Pd([l 6 ]aneS 4 )] 2 	was undertaken to investigate whether 
these exhibit similar redox characteristics. 
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Jg.5.20:Reductive cyclic voltammograms of 
[Pd([14]aneS 4 )] 2 	(MeCN/0.1M NBu 4 PF 6 ) 
1 38K, scan-rate= lOOmVs - 
t 	I 	I 	I 	U. 	I 	 I. 	 U 
-08 -06 -0 -4 -0-2 -00 
vs AAg 
K, scan-rate= IVs- I 
-(>8 	-06 	-0-4 	-(>2 	0.0 
vs. Ag/Ag+ 
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[12 ]aneS 4 
Cyclic voltammetry of [Pd([12]aneS 4 )](PF 6 ) 2 under 
analogous conditions to those for [Pd([14]aneS 4 )] 2 , at 
2981< reveals an irreversible reduction 'at Ep= -0.57V vs. 
Fc/Fc (scan rate= 270mVs 1 ). No oxidative activity is 
observed in the range of 	the solvent. 	This 	reduction 
remains irreversible at 2381< and high scan rate (30Vs 1 ). 
Coulometric 	measurements 	performed 	on this 
process at -0.75V vs. Fc/Fc
+ 
 , 298K gives n= 0.81 
electrons. The resulting orange solution is e.s.r silent. 
During reduction plating out of metal is also observed, 
indicating some decomposition of the reduction product. 
This is consistent with the macrocycl:ic cavity size being 
too small to accommodate the large Pd(I) centre. The 
cyclic voltammogram of the orange reduction product shows 
a rather broad, irreversible oxidation at E 	= i-0.05V vs. 
pa 
Fc/Fc. Controlled potential electrolysis of the orange 
solution 	at 	-f-0.2V 	regenerates 	the 	original 	Pd(II) 
species, 	[Pd([12]aneS 4 )1 2 	as 	measured 	by 	UV/vis 
spectroscopy 
This 	reduction was also followed by in situ 
IJV/vis 	spectroscopy 	using 	an 	0.T.T.L.E. 	system, 	at 
-0.75V, 	273K. 	Importantly, 	the 	conversion occurs 
isosoestica].ly, (A.= 366, 330, 282, 240nm) (Fig. 5.21), 
with 	loss of 	intensity of the absorption band 	at 
A 
max 	 - = 370nm and a shift to lower, energy of the band at 
260nm. Re-oxidation at OV. 2731< results 	in Quantitative, 
-206- 
isosbestic 	regeneration of the Pd(II) starting material. 
Warming the reduced 	solution 	to 	298K 	leads 	to 
decomposition, 	presumably 	via 	demetallation 	or 
disproportionation. 
These results suggest that the reduction once 
again involves generation of an extremely transient Pd(I) 
monomer. These then clip together very rapidly to give a 
Pd(I)-Pd(I) dimer incorporating an unsupported 
metal-metal bond. 
-207-- 
tog reduction of 
2 (1121aneS)1 2t 
NBu"pF 	2731<) 
II 
200 	 300' 	 400 	 500 	 600ntn 
C 1 6 ] a n e S 4 
Cyclic 	voltammetry of 	tPd([16]aneS 4 )](PF 6 ) 2 at 
298K under similar conditions shows 	two 	irreversible 
reductions at Ep= -0.88 and -1.71V vs. 	Fc/Fc 	(scan 
rate= 250mVs 	). These processes remain irreversible even 
at 238K and high scan-rate (30Vs 1 ) 
A quantitative measurement of the first reduction 
was performed. Coulornetry at -l.OV, 298K confirms this to 
be a one-electron process (n= 1.03 electrons), giving an 
orange solution initially, which gradually converts to an 
intense green solution. This behaviour strongly resembles 
that of {Pd((14]aneS 4 )] and [Pd(12ianeS4)]2, thus, 
presumably similar processes occur in each case. The 
green solution shows no redox activity at 298K. However, 
controlled potential electrolysis at OV, 298K results in 
slow 	oxidation, 	regenerating 	[Pd(16janeS4)j 2+ 
quantitatively. This indicates that there 	is 	a kinetic 
barrier 	inhibiting oxidation on the cyclic-voitammetric 
time-scale. This barrier may correspond 	to cleavage of 
the metal-metal band and rearrangement to give the d 9 
Pd(I) monomer, [Pd([16IaneS 4 )J, 	transiently, 	which 	is 
then 	rapidly oxidised 	to give 	the 	Pd(II) 	starting 
material 
This reduction was also followed 	by in situ 
UV/vis spectroscopy using an 0.T.T.L.E. system. At 248K 
the conversion occurs isosbestically, (A iso = 348, 250nm), 
with a substantial decrease in the intensity of the band 
at A max = 292nm and concommitant growth of new bands at 
-210- 	 - 
' max = 449 and 369nm, 	generating the orange solution, 
(Fig. 5.22). 	Maintaining the same potential and warming 
to 273K results in a further isosbestic conversion, 	with 
no current flowing, (A iso = 510, 263, 212nm), with loss of 
intensity of the bands at Amax=  449, 369 and 273nm, and 
growth of an intense band at A = 588nm 
max 
( max= 8,530M 1 cm 1 ) which is responsible for the green 
colour, (Fig. 5.23). 
Re-oxidation of the green solution at 298K, 	OV 
results in quantitative regeneration of the Pd(II) 
monomeric starting material. The non-isosbestic nature of 
this oxidation is confirmation that this process is not 
just a simple one-electron transfer. 
{28]aneS 8 
The outcome of the electrochemical investigation 
carried out on the Pd(II) tetrathia macrocyclic complexes 
prompted a study of the redox characteristics of 
[Pd 2 ({28}aneS 8 )] 4 . 
Cyclic 	voltammetry of [Pd 2 ([28laneS 8 )j(PF 6 ) 4 in 
MeCN (0.1M NBu 1 4 PF 6 supporting electrolyte) at 293K shows 
two irreversible reductions (Fig. 5.24) at E 
PC = -
0.74 and 
-1.29V vs. Fc/Fc. These reductions remain irreversible 
even at low temperature (233K). No oxidation is observed 
in the range of the solvent (0 to +2.OV). 
- 2 1 1 - 
wing reduction of 
'd 2 ([ 16 ]aneS 4 ) 2 ] 2 















A quantitative investigation 	of 	the 	first 
reduction process was undertaken.. Coulometry of the 
Pd(II)/(Il) complex at -0.9V, 293K in MeCN (O.1M NBut4PF6 
supporting electrolyte) at a platinum basket, confirms 
the reduction to be a two-electron process (n= 1.94 
electrons). The orange solution produced was found to be 
e.s.r. silent; the ligand is redox inactive in this 
potential range. Cyclic voltammetry of the reduction 
product shows a broad, irreversible oxidation near +0.5V 
vs. Fc/Fc
+ 
0 	 -0.5 	 -1•1V vs Ag/Ag 
FJg._5.24:Reductive cyclic voltammogram of 
[Pd 2([28]aneS8)14 	(MeCN/O.IM NHu 4 PF 6 ) 
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The 	reduction 	of 	[Pd 2 ([28]aneS 8 )](PF 6 ) 4 	was 
followed at 243K by in situ UV/vis spectroscopy using an 
O.T.T.L.E. system. The reduction occurs 	isosbestically, 
(A .'so 	342, 	242nm), 	with 	loss 	of 	intensity 	of 	the 
absorption band at A 	= 274nm, with concommitant growth max 
of 	bands at A= 431 	and 360nm (Fig. 5.25), giving a 
spectrum with features strongly resembling those obtained 
upon reduction of each of the Pd(II) tetrathia 
macrocyclic systems discussed above. Reoxidation at +0.6V 
at 293K regenerated the Pd(II)/(II) starting material 
quantitatively. 
These 	results 	suggest 	that 	reduction 	of 
[Pd 2 ([28]aneS 8 )] 4 affords a diamagnetic complex which we 
tentatively 	assign to the metal-metal bonded Pd(I)-Pd(I) 
dimer, 	[Pd2([28]aneS8)]2. 	according to 	the 	scheme 
illustrated 	in Fig. 5.26. The relative stability of this 
product is attributed to a combination of the t-acidity 
of 	the thioether-donor set, and the nature of the cyclic 
ligand which will tend to support, 	and 	therefore 
stabilise, the metal-metal bond. 
	
44 	 2.
/--\ r) /--\ 
S\ jS 	S 	 +2e
- 	
S\ S 	S 	i5\\ 
C Pd Pd 	 Pd— - Pd S, S 	S 	 S 	S 	s 
Fig. 5.26:PropoSed scheme for reduction of 
[Pd 2 ([2 8 ]aneS 8 )] 4 
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5.3.2: Platinum 
Cyclic voltammetry of [Pt([14]aneS 4 )](PF 6 ) 2 , 	and 
FPt([16]aneS 4 )](PF 6 ) 2 at 298K, under similar conditions 
to their Pd analogues, shows an irreversible reduction at 
Ep -1.45V and -1.50V vs. Fc/Fc respectively. 
Coulometric measurements confirm that these each 
correspond to a one-electron reduction (n= 0.92 and 1.02 
electrons respectively) , generating yellow solutions 
which are both e.s.r. silent. 
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5.4: Summary and Conclusions 
The synthesis of a series of Pd(II) 	and Pt(II) 
tetrathia macrocyclic complexes has been achieved. 
Structural and spectroscopic techniques confirm all of 
these to be square planar, with all four sulphur-donors 
bound to the d 8 central metal ion. Binuclear Pd(II) and 
Pt(II) complexes incorporating the large ring macrocycle, 
[28}aneS 8 . have also been prepared successfully. 
The evidence accummulated from the 
electrochemical investigation has confirmed that all 
three tetrathia macrocyclic complexes studied exhibit 
very similar redox behaviour. The results 	strongly 
suggest 	in each case that a transient Pd(I) monomer is 
formed initially. However, this is rapidly quenched via a 
dimerisation process yielding an orange Pd(I)-Pd(I) dimer 
incorporating an unsupported metal-metal bond. Reduction 
of the related binuclear system, (Pd 2 (f281aneS 8 )} 4 , is a 
two-electron process, giving an orange diamagnetic 
solution, with spectral features closely resembling those 
of the tetrathia Pd(I)-Pd(I) dimers. These results are 
consistent with formation of a direct metal-metal bond 
upon reduction of the binuclear precursor. Interestingly, 
with the 14- and 16- membered ring macrocycles, 	the 
orange dimers undergo a further reaction, 	which is 
kinetically controlled, generating intense purple- and 
green-coloured solutions respectively. The nature of 
these products is not yet known. However, we tentatively 
suggest that the kinetic barrier corresponds to cleavage 
-218- 
of one Pd-S bond, giving a 	Pd(I)-Pd(I) 	dimer 	in which 
each metal has 16-electrons associated, and is therefore 
square planar to three thioether donors, with the 
metal-metal bond occupying the fourth site. This second 
process does not occur for the 28-membered ring system. 
This may be due to the enhanced stability of the orange 
dimer resulting from the large ring macrocycle which will 
tend to support the metal-metal bond. Similarly, the 
12-membered ring dimer does not undergo a 
kinetically-controlled conversion. This may be attributed 
to the macrocyclic cavity being the correct size to 
stabilise the orange product, [Pd 2 ((l2ianeS 4 ) 2 i 2 , but 
too small to accommodate the tridentate chelation to the 
S-donors. In each case the original Pd( I II) starting 
material can be re-oxidised quantitatively. 
The 	Pd(I)-Pd(I) 	metal-metal 	bonded 	dimers 
reported herein represent the first thioether macrocyclic 
complexes incorporating platinum metals which involve a 
direct metal-metal bond. 
Preliminary studies on 	the Pt(II) 	analogues 
indicate that these complexes also undergo an 
irreversible one-electron reduction, possibly generating 
analogous Pt(I)-Pt(I) metal-metal bonded dimers. 
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5.5: Experimental 
5.5.1: jPd(H2]aneS 4 )j(PF 6 ) 2 
Reaction 	of 	K 2 PdC1 4 	(68mg, 0.208mmol) 	with 
{121aneS 4 	(50mg, 0.208mmol) 	in 	refluxing 	MeOH/H 2 0 
(1:1 v.v. , lOOmi) under N 2 for 4h afforded a bright 
yellow solution. Addition of excess NH 4 PF 6 gave a yellow 
precipitate which was collected by filtration. 
Recrystallisation from MeCN yielded the product as a 
bright yellow solid (Yield: 85mg. 65%). Mol. wt. 636.78. 
Elemental analysis: 	found 	C= 14.5, 	11= 2.49, 	S= 20.3%: 
calculated 	for 	[C 8 H 16 S 4 Pd](PF 6 ) 2 : 	C= 15.1, 	H= 2.53, 
S= 20.1%. F.a.b. mass 	spectrum 	(3-NO8A 	matrix): 	found 
M= 491 	 and 	 345. 	Calculated 	for 
F 106 Pd([l2)aneS 4 )PF 6 ] 	M= 491, 
[ 106 Pd([l 2 ]aneS 4 )] 	M= 346. 1 H 	n.m.r. 	spectrum 
(360.13MHZ, CD 3 CN. 	298K): 	AA'BB' 	pattern, ô= 3.51-3.58 
(m, 	8Ff), 	3.81-3.88ppm (m, 8Ff). 13 C DEPT n.m.r. spectrum 
(50.32MHz, 	CD3 CN, 	298K): ö= 39.05ppm 	(8xCH 2 ). 	UV/vls 
spectrum 	(MeCN) : A max 
 368nm 	
max
= 36,455M 1 cm 
260 (92,330). I.R. spectrum 	(KBr 	disc): 	2960w, 	2920w. 
1440m, 	1410m, 	1305w. 	1130w, 1065m, 1030m, 930w, 840vs, 
730m, 625w, 555vs, 520w cm- 1 
5.5.2: Single Crystri Structure of 
[Pd ([12] aneS 4 ) I (PF6) 2  MeCN 
Orange needles 	were 	obtained 	from 	vapour 
diffusion of diethyl ether into a solution of the complex 
in MeCN. 	A suitable 	single 	crystal 	was selected and 
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sealed in a 0.5mm glass capillary to prevent solvent 
loss. 
Crystal Data: 
[C 8 H 16 S 4 Pd](PF 6 ) 2 .MeCN. M= 	677.83. Orthorhombic, 
space group P. a= 16.8321(15), b= 9.3077(6), 
0
03 
C = 14.2615(6)A°, V= 2233.1A 	(by least-squares refinement 
on angles for 36 centred reflections measured at +w 
 0 	 _3 
[22.1<20<24.7 0 .   A= 0.71073I\), Z=4, D=2.Oi6gcm 
Crystal dimensions 0.25x0.lOxO.O8mm, 	(Mo-Ka)= 13.88cni 1 , 
F(000)= 1424. 
Data Collection and Processing: 
Ste 	STADI-4 	four-circle 	diffractorneter, o/26 
scan mode using the learnt--profile method. 
Graphite-monochromated Mo-Ka radiation; 3074 reflections 
(two asymmetric units) (20 max = 45 
0 , h -10--10, k 
-l5 ---l5, 	1 	-18--18) 	giving 	1106 	with F>4a(F). 	No 
crystal decay, no absorption correction. 
Structure Analysis and Refinement: 
The Pd position was deduced from a Patterson 
synthesis. Iterative cycles of least-squares refinement 
and difference Fourier synthesis revealed the positions 
of all other non-hydrogen atoms. During refinement 
disorder of the cation became evident. This was modelled 
by using partial C-atoms and constraining all S-C and C--C 
	
0 	 - 
bond lengths to be 1.83 and 	1.52A respectively. 	giving 
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two equally occupied conformations. The cation was found 
to have one fully occupied MeCN 	solvent 	molecule 
associated. Anistropic thermal parameters were refined 
for Pd, S. P, N and all fully occupied C and F atoms. 
Macrocyclic H atoms were placed in fixed, calculated 
positions, and the methyl group of the solvent molecule 
was refined as a rigid group. The weighting scheme 
w 1 = a 2 (F)+0003855F 2 	gave 	satisfactory 	agreement 
analyses. 	At 	final 	convergence R= 0.0777, R= 0.1089. 
S= 1.156 for 152 independent parameters, 	and the 	final 
difference Fourier synthesis showed no feature above 1.40 
0-3 
or below 0.69eA 
5.5.3: 	{Pd([ 16 laneS 4 )1(PF 6 ) 2 
	
Method 	as 	for 	5.5.1, 	using 	K 2 PdCl 
(44mg, 0.135mmol) and 	[16]aneS 4 	(40mg, 0.135mmol). 	The 
product was 	isolated as a yellow crystalline solid 
(Yield: 67mg, 72%). Mol. wt. 692.89. Elemental 	analysis: 
found 	C= 20.4, 	H= 3.46, 	S= 17.9%; 	calculated 	for 
[C 12 H 24 S 4 Pd](PF 6 ) 2 : C=20.8, 	H=3.49, 	S= 18.5110. 	F.a.b. 
mass 	spectrum 	(3-NOBA matrix): found M= 547, 439. 419 
and 401. Calculated for 
[ 106 Pd([16]aneS 4 ).PF 6 ] 	 M 4 = 547, 
[ 106 Pd([16]aneS 4 ) .2H 2 01 	 M= 438, 
[ 106 Pd([ 16 ]aneS 4 ).H 2 0 1 	 M= 420, 
106 	 + pd([l61S)1 [ 	 402. 
n.m.r. spectrum (80.13Mhz. CD 3 NO 2 , 298K): â= 3.19-3.33 
-222- 
(m, SCH 2 , 1611), 2.50-2.S9ppm (m, b, CH 2 CH 2 CH 2 , 811). 
13 C DEPT 	n.m.r. 	spectrum 	(50.32MHz, 	CD 3 NO 2 , 	298K): 
ô= 33.78 (Sd 2 , 8C). 23.18ppm (CH 2 CH 2 CH 2 , 4C). 
13 C 	DEPT 	n.m.r. 	spectrum 	(360.13MHz, 	CD 3CN, 	298K): 
5= 33.43 (SCH 2 , 8C), 23.68ppm (CH 2 CH 2 CH 2 . 4C) 	(symmetric 
isomer), 	and 	35.19 	(SCH 2 , 4C), 31.86 (SCH 2 , 4C), 23.98 
(CH 2 CH 2 CE{ 2 , 2C), 	21.62ppm 	(CH 2 CH 2 CH 2 , 	2C) 	(asymmetric 





= 18,130M 1 cm 1 ) . I .R. spectrum (KBr 	disc): 	2980w,- 
2920m. 	2845w. 	1430m,, 1410nt, 1305w, 1280w, 1245w, 1195w, 
1130w, 1010w, 995w, 840vs, 740w, 555vs, 470w cm- 1. 
5.5.4: Single Crystal Structure of 
[Pd([1 6 ]aneS 4 )1(PF 6 ) 2 
Single 	crystals 	were 	obtained 	by 
recrystallisation of the complex from aqueous solution. A 
suitable crystal was selected and sealed in a 0.5mm glass 
capillary to prevent solvent loss. 
Crystal Data: 
	
[C 12 H 24 S 4 Pd](PF 6 ) 2 , 	M= 692.89. 	Triclinic, 






V= 1156.3A 	(by 	least-squares 	refinement 	on 
diffractometer angles 	for 	23 	centred 	reflections, 
0 	 _3 
2= 0.71073A), Z= 2, D= 1.990gcm 	. 	Yellow 	needles. 
Crystal dimensions 0.39x0.16x0.l6mm. p(Mo-Ka)= 13.16cm 1 , 
F(000)= 688. 
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Data Collection and Processing: 
Stde STADI-4 four-circle 	diffractometer, o/29 
mode with m scan-width (1.05+0.347tan9) 0 , 
graphite-monochromated Mo-Ka radiation; 3155 reflections 
measured to 29= 450 (h -8--+1O, k -9-911, 1 0—'14) 
giving 1190 with F>4o(F). No significant crystal decay, 
no absorption correction. 
Structure Analysis and Refinement: 
A Patterson synthesis located two half-occupied 
Pd atoms on crystallographic 	inversion centres. 	The 
structure 	was 	developed 	by 	successive cycles of 
least-squares refinement and difference Fourier 
synthesis. During refinement unrealistic C-C and C-S bond 
lengths were obtained. This is attributed to the weak 
diffraction data. These bonds were constrained to be 1.50 
and 1.83 respectively. Additionally, one of the PF 6 
counterions showed some disorder. This was modelled 
successfully by using partial F atoms, such that the P 
atom was associated with six F atoms. Anisotropic thermal 
parameters were refined for Pd. S. P and all fully 
occupied F atoms. 	H atoms were 	included 	in fixed, 
calculated positions. The weighting scheme, 
w 1 = a2F4-O 000810F2  gave satisfactory agreement analyses. 
At convergence, R, R= 0.0869 and 0.0911 respectively, S= 
1.145 for 219 independent parameters, and in the final 
difference Fourier synthesis the maximum and minimum 
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0-3 
residuals were i-0.84 and -0.81eA 	respectively. 
5.5.5 	[Pt([16]aneS 4 )](PF 6 ) 2 
Method 	as 	for 	5.5.1, 	using 	K 2 PtCI 4 
(56mg, 0.135mmol) and [16]aneS 4 (40mg, 0.135mmo]). The 
product was isolated as a white microcrystalline solid 
(Yield: 77mg, 73%). Mol. wt. 781.58. Elemental analysis: 
found 	C= 18.5, 	H= 3.12, 	S= 16.3%; 	calculated 	for 
[C 12 H 24 S 4 Pt](PF 6 ) 2 : 	C= 18.4, 	H=3.09, 	S=16.4%. F.a.b. 
mass spectrum (3-NOBA matrix): 	found M 1 = 636 and 490. 
Calculated 	for 	[ 195 Pt([16]aneS 4 ).PF 6 1 	M= 636, 
[ 195 Pt([l6}aneS 4 )] 	M= 491. 111 	n.m.r. 	spectrum 
(360.13MHz, 	CD3 CN, 	238K): 5= 3.06-3.28 	(SCH 2 , 16H) and 
2.31-2.55ppm (CH 2 CR 2 CH 2 , 8H). 13 C 	DEPT 	n.m.r. 	spectrum 
(360.13MHz, 	CD3 CN, 	298K): 5= 33.12 (SC-If 2' 8C), 23.79ppm 
(CH 2 CFI 2 CH 2 , 4C) (symmetric isomer), 	and 5= 35.61 	(SCH 2 . 
4C). 	31.52 	(SCE-1 2 , 	4C) , 24.05 (CH 2 CH 2 CH 2 , 2C) , 21.74ppin 
(CH 2 CH 2 CH 2 , 2C) (asymmetric isomer), and 5= 33.81, 31.70, 
22.67, 20.55ppm (asymmetric isomer). I.R. 	spectrum 	(KBr 
disc): 	3000m, 	2920w, 2845w, 1440m, 14.20m, 1380w, 1300m, 
1290w, 1260w, 1245w, 1200w, 1125w, 	1025w, 	840vs, 	770m, 
740w, 555vs cm 1 . 
5 .5 .6: 	[Pd 2 ([28] aneS8)  1( PF6  ) 
Reaction 	of 	K2 PdC1 4 	(61mg, 0.186mmol) 	with 
[28]aneS 8 	(50mg, 0.093mmol) 	in 	refluxing 	MeOH/H 2 0 
(1:1 v.v. , 50m1) 	for 	lb 	under 	N 2 	afforded 	a 	yellow 
precipitate 	of 	[Pd 4C18([28]aneS8)i. 	Refluxing 	for 	a 
further 2h give an orange solution. Addition of excess 
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NH 4 PF 6 and recrystallisation from MeCN/H 2 0 yielded the 
product 	as 	an 	orange 	solid 	(Yield: 110mg, 89%). 
Mol. wt. 1329.70. 	Elemental 	analysis: 	found 	C= 18.2, 
H= 3.07, 	S= 19.8%; 	calculated 	for [C 20 H 40 S 8 Pd 2 ](PF 6 ) 4 : 
C= 18.1, H= 3.03, S= 19.3%. F.a.b. mass spectrum 	(3-NOBA 
matrix) : 	found M= 1184, 1076, 1058, 1037, 928, 911, 892 
and 749. Calculated for 
[ 106 Pd 2 ([28]aneS 8 )(PF 6 ) 3 1 	 M= 1183, 
[ 106 Pd 2 ([28]aneS 8 )(N? 6 ) 2 .2H 2 0] 	M= 1074, 
[ 106 Pd 2 (1 2 81aneS 8 )(PF 6 ) 2 .H 2 0] 	 M= 1058, 
1 106 Pd 2 ([ 2 8]arieS 8 )(PF 6 ) 2 1 	 M= 1038, 
[
106
Pd 2 ([ 2 8]aneS 8 ).PF 6 .2H 2 01 	 M= 929, 
[ 106 Pd 2 ([28]aneS.PF.H01 	 M= 911, 
{ 106 Pd 2 ([28]aneS 8 ).PF 6 1 	 M= 893, 
[ 106 Pd 2 ([28]aneS 8 )] 	 M=748. 
1 H n.m.r. spectrum (80.13MHz. CD 3 CN, 298K): 6= 2.7-4.Oppm 
(br m. SCH 2 ) , 2.2-2.5ppm (br m. CH 2 CH 2 CH 2 ) . 13 C DEPT 
n.m.r. spectrum (50.32MHz, CD 3 CN, 298K): 6= 41.60, 39.62, 
36.56, 35.73, 33.48, 25.59ppm (6xCH 2 of the major isomer) 
and 37.28, 37.07, 24.18, 23.84 and 23.51ppm (5xCFI 2 of a 
minor 	isomer). 
13
C 	DEPT 	n.m.r. 	spectrum 	(360.13MHz, 
CD 3 CN, 298K): 6=41.26. 39.37, 36.14, 35.23 (4xSCH 2 , 16C) 
and 	25.09ppm (CH 2 CH 2 CH 2 , 4C) (fully symmetrical isomer), 
and 6= 37.03, 36.82, 36.14, 35.88, 	32.69, 	32.48, 	32.33 
(8xSCH 2 , 16C), 
23.56 (CH 2 CI-{ 2 CH 2 . 1C), 23.08 (CH 2 CH 2 CH 2 , 2C). 
22.59ppm 	(CH 2 CH 2 CH 2 , 	1C) 	(less 	symmetrical 	isomer). 




max = 32,900M 1 cm 1 ). 	I.R. 	spectrum (KBr disc): 3650m, 
3580w, 2980m, 2940m, 2845w, 1640m, 1425m, 	1410m. 	1380w. 
1350m. 	1300m, 	1280m, 1250m, 1195w, 1170w, 1120m, 1025w, 
1000m, 840vs, 740m, 555vs, 465w cm 
5,5.7 	(Pt 2 ([28]aneS 8 )](PF 6 ) 4 
Method 	as 	for 	5.5.6, 	using 	K 2 PtCI 4 
(155mg, 0.372mmo1) 	and [28]aneS 8 (100mg, 0.186mmol). The 
product 	was 	isolated 	as 	a 	pale 	yellow 	solid 
(Yield: 136mg, 4896). 	Mol. wt. 1506.86. 	Elemental 
analysis: 	found 	Cr 	16.3, 	Hr 	2.73%; 	calculated 	for 
[C 20 H 40 S 8 Pt 2 ](PF 6 ) 4 : 	C= 15.9, 	11= 2.68%. 	F.a.b. 	mass 
spectrum (3-NOBA matrix): 	found M= 1360, 	1250, 	1232, 
1212, 1105, 1089, 1069. Ct1culated for 






 6 ) 2* 
2H 
 2 
 01 	M= 1252, 
Pt 2 ( [28 laneS 8 ) ( PF6)2 .11201 	M = 1234, 
+ 	1 M = 1216, 
[ 	
5
Pt 2 ([28]aneS 8 ).PF 6 .211 2 01 	 Mr 1107, 
195 
([28]jneS 	 M 4 = 1089, 
[ 	"Pt 2 ([28]aneS 8 ).PF 6 ] 	 Mr 1071. 
1 Hn.m.r. spectrum (360.13MHz, C1) 3 CN, 298K): or 3.46-2.96. 
(SCH 2 , 	3211) 	and 	2.22-1.96ppm (CH 2 CH 2 CH 2 , 811). 13 C DEPT 
n.m.r. 	spectrum 	(360.13MHz, 	CD 3 CN. 	298K): 0= 40.24, 
38.46, 	37.25, 	36.73. 36.49, 36.30, 35.67, 35.13, 33.83, 
33.61, 33.12 (SCH 2 ), 25.29, 	23.23ppm 	(CII 2 CH 2 CII 2 ). 	I.R. 
spectrum 	(KBr 	disc): 2960m, 2900w, 1500w, 1420m, 1300w, 
1250m, 1200m, 1170m, 840vs, 555vs cm'. 
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CHAPTER 6 
Rhodium and Iridium Thioether 
Macrocyclic Complexes 
6.2: Results and Discussion 
6.2.1: [RhC1 2 ([14]aneS 4 )]PF 6 
The solid state structure of [14JaneS 4 shows all 
four sulphurs are exodentate 12 Therefore, the 
generation of a complex in which the metal is inserted 
into the macrocyclic cavity would necessitate a 
conformational change approximating a "pseudo-rotation", 
in which each anti interaction is rotated into a gauche 
interaction and vice versa. 
	
{14]anets 4 , 	the 	tetra-aza analogue of [14]aneS 4 , 
binds 	Rh(III) 	to 	afford 	cis- 	and 
trans - [RhC 1 2 ([ 14 ]aneN 4 )r depending upon the reaction 
182-185 
conditions 	 . Busch and co-workers have prepared 
[RhCl 2 (14}aneS 4 )], 	and, 	on 	the 	basis 	of 	I.R. 
spectroscopy, 	assigned 	it 	as 	the 	cis-dichioro 
isomer 
110,181 	
In order to ascertain whether it might be 
possible to generate the complex 
trans - [RhC 1 2 (114ianeS 4 )j , and in view of the potential 
of macrocyclic complexes incorporating two mutually cis 
labile sites to undergo, for example, carbonyl 
186 
 and 
hydride 187 insertion reactions, the synthesis and full 
characterisation of [RhC1 2 ([l41aneS 4 )J was undertaken. 
Reaction of RhCI 3 .3E-1 2 0 with one molar equivalent 
of [14IaneS 4 in refluxing methanol produced a bright 
yellow solution. Addition of excess NH 4 PF 6 yielded a 
yellow, air-stable product. Recrysta.11isatioa from MeCN 
gave yellow crystals. 
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6.1: Introduction 
The synthesis of polythioether macrocycles is now 
relatively straightforward (Chapter 5), but there still 
exist only a few reports of co-ordination complexes 
incorporating these J.igands, the majority of which 
contain 	 first-row 	 transition 
metals 67,152-154,157,158,163.181 
As discussed in Chapter 1, examples of platinum 
metal polythioether macrocyclic complexes and genuine 
mononuclear Rh(II) species are extremely sparse. This 
Chapter outlines the preparation 	of 	a 	range 	of 
mononuclear d 6 Rh(III) and Ir(IIl) complexes 
incorporating the 12-, 14- and 16-membered ring tetrathia 
macrocycles, [12]aneS 4 . [14]aneS4 and [16]aneS 4 , as well 
as the pentathioether, [15]aneS 7 . These sulphur-donor 
ligands might be expected to exhibit some back-bonding 
capability which would favour stabilisation of low valent 
metal centres such as Rh(II). This provided the impetus 
for a preliminary investigation of the 	redox 	and 
electronic properties of the rhodium(III) precursors. 
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The I.R. spectrum of the complex shows several 
weak bands 	in the range 270-350cm 1 . These are in the 
correct region 	for either Rh-C1 	or Rh-S stretching 
vibrations, u(Rh-Cl) 	and u(Rh-S), hence it was difficult 
to assign these exactly. The PF 6 	counterion exhibits 
characteristic strong bands at 840 and 555cm 1 . 
	
F.a.b. 	mass 	spectrometry of the complex showed 
positive 	ion 	peaks 	with 	the 	correct 	isotopic 
distributions at M= 441, 	406 and 370 corresponding to 
::
3 	 ± 12l4]an:s4 	
[ 103 Rh 35 	 )} 
Rh 
Cl({l4]aneS 4 	and 
[ 	Rh({l4]aneS 1 )} 	respectively 	via successive loss of 
chloride ligands. The 'H n.m.r. 	spectrum of 	the BPh 4 
salt suggested a ratio of one BPh 4 	anion to one 
{14}aneS 4 ligand, while the 13 C DEPT n.m.r. spectrum in 
CD 3 CN showed five macrocyclic methylene carbon resonances 
at d= 38.31. 30.10, 29.95, 29.85 and 23.84ppm indicating 
the presence of only one isomer in solution involving 
cis-dichloro iigands (Fig. 6.1). The assignment of the 
cation as a cis-isomer is suggested also by UV/vls 
spectral data, which shows d-cI absorption bands at 
A max = 362nm (a max = 949M 1 cm 1 ), 	319 (765) 	and 	a 
charge-transfer band at 260nm 
(amax 	
10.370M 1 cm 1 ). The 
magnitudes of the extinction coefficients 	for 	the d-d 
transitions 	are consistent with the lower symmetry 
cis-isomer; octahedral d 6 complexes tend to show lower 
182,183 
extinction coefficients 	in trans-configurations 
This together with microanalytical 	data 	indicate 	the 
formulation cis-[RhC1 2 ([14]aneS 4 )}PF 6 . 
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: 13 C DEPT n.m.r. spectra of: 
ci s [RhC 12 ((12 aneS 4 ) I + 
cis_RhC1 2 ([14]afleS 4 ) + 
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In 	order to deduce the stereochemistry and 
conformation of 	the complex, 	a single crystal X-ray 
structural determination was undertaken. 
6.2.2: Single Crystal Structure of [RhC1 2 ([14]aneS 4 )]PF 6 
Details of the structure solution are given in 
the Experimental Section. Selected bond lengths are given 
in Table 6.1, bond angles in Table 6.2 and torsion angles 
in Table 6.3. An ORTEP plot showing the molecular 
structure of the cation is presented in Fig. 6.2. 
The 	structural 	analysis 	confirms 	the 
cis-configuration 	of 	the 	complex 	[Rh-Cl= 	2.3836(12), 
0 
Rh-S(1)= 	2.2870(12), 	Rh-S(4)=2.3275(12)Aj, with the Rh 
atom lying on a crystallographic 2-fold axis. The folded 
macrocycle 	is co-ordinated to the Rh(III) centre via all 
four S-donors, with the angles 	around 	the metal 	being 
close to octahedral. The conformation of the macrocycie 
in this complex is very similar to that observed 	in 	the 
related d 6 	complex cis-[RuCJ2([14]aneS4)] 
ion 
 and the 
pattern of Rh-S bond lengths follows the same trend, with 
0 
Rh-S(1) trans 	to 	C1(1) 	being 0.040(2)A 	shorter 	than 
Rh-S(4) 	trans 	to 	S(ll). 	This 	is 	attributed 	to 	the 
trans-effect of S over Cl. 
Both the cation and PF 6 	counteranion 	were 
ordered, 	with the P of PF 6 occupying a crystallographic 
inversion centre. 
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Jg.6.2:vjew of the single crystal 
structure of {RhCJ 2 ([14]arIFS)] 
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Single Crystal Structure of 
{RhCl 2 ([l 4 ]an(!S 4 )]PF 6 
0 
Table 6.1: Selected Bond Lengths(A) with e.s.d.ts 
Rh(l) -Cl(1) 	2.3836(12) 
Rh(1)-S(l) 2.2870(12) 
Rh(1) -S(4) 2.3275(12) 
S(1) - 	 C(2) 1.814( 	5) 
S (1) -C ( 14 ) 1 .806 ( 	 5) 
 - 	 C(3) 1.509( 8) 
 - 	 S(4) 1.827(  
S(4) - 	C(s) 1.816(  
C(S) C(6) 1.525( 8) 
C(6) - 	 C(7) 1.510( 8) 
Table 6.2: Selected Angles( °) with e.s.d.'s 
Cl (1)-Rh (1.) - S ( 1 
Ci (1) -Rh (1)-- S(4) 
C 1 (1) - R h ( 1 ) - C 1 ( 2 
C1(1)-Rh(1)-S(8) 
Cl (1) -Rh (1)-S (11) 
S(1)--Rh(i)-- S(4) 
S(1)-Rh(1)- S(8) 
S ( I ) -Rh ( 1) --S (11 
S(4)-Rh(l)- S(8) 
S (4)-Rh (1)-S (11) 












Rh(l)-S(1) -C(14) 108.96(18) 
C(2)-S(1) -C(14) 105.32(25) 
S(1)- C(2) - 	 C(3) 107.7( 	4) 
C(2)-C(3) -S(4) 109.3(4) 
Rh(l)- S(4) - 	 C(3) 103.19(17) 
Rh(I )- S(4) - 	 C(5) ill .43(19) 
C(3)-S(4) -C(S) 103.1(. 	3) 
S(4)-  - 	 C(6) 118.2( 	4) 
C(5)-  - 	 C(7) 115.9( 	5) 
C(6)-C(7) -S(8) 108.7(4) 
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Table 6.3: Selected Torsion Angles( °) with e.s.d.s 
C(14) - 	 S(l) - 	 C(2) - 	 C(3) 169.0( 4) 
C(6) - 	 C(7) - 	 S(8) - 	 C(9) -173.9( 4) 
C(2) -S(l) -C(14) -C(13) -173.9(4) 
C(7) - 	 S(8) - 	 C(9) -C(10) 169.0( 4) 
S(1) - 	 C(2) - 	 C(3) - 	 S(4) -60.9( 4) 
S(8) -C(9) -C(1O) -S(11) -60.9(4) 
C(2) - 	 C(3) - 	 S(4) - 	 C(5) 150.6( 4) 
C(9) -C(10) -S(11) -C(12) 150.6(4) 
C(3) - 	 S(4) - 	 C(S) - 	 C(6) -70.1( 5) 
C(10) -S(11) -C(12) -C(13) -70.1( 5) 
S(4) C(S) - 	 C(6) - 	 C(7) -70.9( 6) 
S(11) -C(12)   -70.9( 6) 
C(S) - 	 C(6) - 	 C(7) - 	 S(8) 85.1( 5) 
C(12) -C(13) -C(14) - 	 S(i) 85.1( 5) 
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6.2.3: 	[lrCl 2 ([l4]aneS 4 )]PF 6 
Very few non-porphyrin macrocyclic complexes of 
Ir have been reported to-date 
4,186-190 
 and there are no 
examples of Ir compiexation by [14]aneS 4 in the 
literature. 	This section outlines 	the 	synthesis 	and 
single 	crystal 	structural 	determination of the Ir.(III) 
species, [IrCl 2 ([14]aneS 4 )]. 
IrCl 3 .3H 2 0 was treated with one molar equivalent 
of {141aneS 4 in refluxing ethanol/H 2 0 under N 2 for 14h in 
the presence of excess NaBPh 4 . On cooling, the 
yellow/brown precipitate was collected and recrystallised 
from MeNO 2 to afford a cream coloured product. 
	
The I.R. spectrum of 	this 	complex 	shows, 	in 
addition to bands due to co-ordinated [14]aneS 4 and BPh 4 
counterion, 	two bands at 310 and 305cm 1 assigned to 
Ir-Ci 	stretching 	vibrations, u(ir-Cl), 	suggesting 	the 
formation of a cis-dichioro complex. The f.a.b. mass 
spectrum of the complex shows the main molecular ion peak 
at M 531 corresponding to [ 193 Ir 3 Cl 2 (l4]aneS 4 )], 
with the correct isotopic distribution.. Daughter peaks at 
496 and 461 correspond to 	93 Ir 3° Cl(l4iarieS 4 )] 	and 
[ 193 Ir([14]aneS 4 )} 	respectively via successive loss of 
Cl. The H n.m.r. spectrum of the product shows a 
complex second order multiplet in the range 5= 2.5-3.5ppm 
due to the non-equivalent macrocyclic protons. The 
electronic spectrum of the complex shows absorptions at 
A max = 348nm (S 
max
= 113M t cm')and 297 (1,400). On the 
basis 	of 	its 	extinction 	coefficient, 	we 	tentatively 
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assign the 	former band to a d-d transition. These data. 
together with microanalytical data suggest that the 
complex generated was cis - [IrC 1 2 ([l4]aneS 4 )]. 
In 	view 	of 	the 	paucity 	of structurally 
characterised Jr macrocyclic complexes, and in order to 
deduce the connectivity and conformation of the 
macrocyclic ligand, a single crystal X-ray structural 
determination was undertaken. 
6.2.4: Single Crystal Structure of [IrC 1 2 ([ 14 ]aneS 4 )}BPh 4 
Details 	of 	the structure solution are given in 
the Experimental Section. Selected bond lengths, 	angles 
and torsions are given in Tables 6.4, 6.5 and 6.6 
respectively. An ORTEP plot showing the structure of the 
cation is presented in Figure 6.3. 
The 	structural 	analysis 	confirms 	the 
cis-configuration 	of 	the 	Cl 	ligands, 	with 
0 
Ir-Cl(1)= 2.389(5), 	Ir-Cl(2)= 2.385(5)A. 	The macrocycle 
is co-ordinated to the Ir(I11) centre as 	a tetradentate 
ligarid, 	Ir-S(l)= 2.277(4), 	tr-S(4)=2.287(5), 
0 
Ir-S(8)= 2.268(4), 	Ir-S(11)= 2.343(5)A, 	and 	adopts 	a 
folded 	conformation with Cl(1) and C1(2) lying trans to 
S(8) 	and S(1) 	respectively 	generating an overall 
geometry and bond 	length distribution very similar to 
both 	 cis-IRuC12([14]aneS4)] 155 
	 and 
cis- [RhCl2([141aneS4)I. This further substantiates the 
tendency for this macrocycle to hind larger metal ions to 
give c.is octahedral complexes. The 
13 C DEPT n.m.r. 
-237- 
spectrum of [IrC1 2 ([l4]aneS 4 )] 	shows five resonances due 
to the secondary carbon centres of the co-ordinated 
macrocycle at â= 37.99, 29.52, 28.96, 28.39 and 23.90ppm, 
confirming that in solution this complex retains the 
ci s-stereochemistry. 
6.3:View of the single crystal 
structure of EIrCl2({l4iafleS4H 
Single Crystal Structure of 
cis - [IrCl 2 ([i 4 ]aneS 4 )]BPh 4 
,0 
Table 6.4: Selected Bond Lengths(A) with e.s.d.'s 
Ir(1) - 	 S(1) 2.277(4) S(8) 	- C(7) 1.772(21) 
Ir(l) -S(4) 2.287(5) S(8) 	-C(9) 1.775(20) 
Ir(1) -S(8) 2.268(4) S(11)- C(10) 1.851(23) 
S(ll) 2.343(5) S(ll)-  1.811(21) 
lr(1) -Cl(i) 2.389(5) C(2) 	-C(3) 1.55(3) 
Ir(l) -CI(2) 2.385(5) C(S) 	-C(6) 1.46(3) 
S(1) -C(2) 1.855(21) C(6) 	-C(7) 1.58(3) 
S(1) -C(14) 1.809(17) C(9) 	-C(10) 1.59(3) 
S(4) - 	 C(3) 1.781(20) C(12)-  1.48(3) 
8(4) -C(5) 1.755(24) C(13)-C(14) 1.57(3) 
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Ir(1) -S(4) -C(S) 
C(3) -S(4) -C(S) 
Jr(l) -S(8) -C(7) 
Ir(1) -S(8) -C(9) 
C(7) -S(8) -C(9) 
Ir (1) -S (11)-c (10) 
Jr (1) -C(11)-C(12) 
C(10)-S(11)-C(12) 
S(1) -C(2) -C(3) 
S(4) -C(3) -C(2) 
S(4) -C(5) -C(6) 
C(S) -C(6) -C(7) 
S(8) -C(7) -C(6) 























- 	 0 
Table 6.o: Selected Angles( ) with e.s.d.'s 
S(l)-lr(l)--- S(4) 88.10(15) 
S(l)-Ir(1)- S(8) 86.42(15) 
S(1)-Ir(l)- S(ll) 97.65(15) 
S(l )-lr(l)-C1(l) 91.29(16) 
S(1)-Jr(l)-C1(2) 176.15(15) 
S(4)-Ir(l)- S(8) 98.93(16) 
S(4)-Ir(l)-- S(11) 172.26(16) 
S(4)-Ir(1)-Cl(1 ) 86.72(16) 
S(4) -Er (1)-Cl (2) 88.96(16) 
S(8)-Ir(1)- S(11) 86.64(16) 
S(8)-Ir(1)-C1(1) 173.81(16) 
S(8)-Ir(1)-C1(2) 91.58(15) 
S ( 11)-I r (1)-Cl (1) 87.97(16) 
S(11)-Ir(1)-C1(2) 85.51(16) 
Cl ( 1  ) - Jr ( 1 ) -Cl ( 2 ) 91.02(16)  
lr(l)-S(1) 	-C(2) 99.9(7) 
Ir(1)-S(1) 	- C(14) 110.0(6) 
C(2)-S(1) 	- C(14) 104.8(9) 
Ir(1)-S(4) 	-C(3) 103.4(7) 
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Table 6.6: Selected Torsion Angles( 0) with e.s.d.'s 
C(14)- S(l) 	- C(2) 	- C(3) -169.5(12) 
C(2) 	- S(l) 	- C(14)- C(13) 173.6(12) 
C(5) 	- S(4) 	- C(3) 	- C(2) -156.3(14) 
C(3) 	- S(4) 	- C(5) 	- C(6) 67.9(20) 
C(9) 	- S(8) 	- C(7) 	- C(6) 170.7(14) 
C(7) 	- S(8) 	- C(9) 	- C(10) -171.7(13) 
C(12)- S(ll)- C(10)- C(9) -151.8(14) 
C(10)- S(11)- C(12)- C(13) 70.9(18) 
S(1)' 	- C(2) 	- C(3) 	- S(4) 64.7(14) 
S(4) 	- C(5) 	- C(6) 	- C(7) 72.1(25) 
C(S) 	- - - S(8) -81.6(22) 
S(8) 	- C(9) 	-- C(10)- S(11) 62.1(15) 
S(11)- C(12)- C(13)- C(14) 70.0(22) 
C(12)-C(13)- C(14)--- SM -84.5(18) 
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6.2.5. {RhC 1 2 ([12]aneS 4 )1PF 6 
The generation of a cis-dichioro complex upon 
reaction of RhC1 3 with the 14-membered ring macrocyclic 
ligand [14]aneS4 (Section 6.2.1) suggested that reaction 
of Rh(III) with the smaller 12-membered ring macrocycle, 
[12]aneS 4 . would also generate a cis-dichioro species. 
Treatment of RhC1 3 .3H 2 0 with one molar equivalent 
of 	1j12]aneS4 	in refluxing methanol for 	2h under N 2 
generates a bright yellow solution. Addition of excess 
NH 4 PF 6 followed by recrystallisation from MeCN gives the 
bright yellow complex [RhC12([12]aneS4)]PF6 in excellent 
yield. 
The I.R. 	spectrum of the complex shows a series 
of bands in the range 360-270cm 1 which correspond to 
Rh-Cl 	and/or 	Rh-S stretching vibrations (u(Rh-Cl) and 
u(Rh-S) respectively). 	F.a.b. 	mass 	spectroscopy 	shows 
peaks with the correct isotopic distributions at 	413 
and 378, which are assigned 	to 	{ 103 Rh 
35 
 Cl 2 ([12JaneS 4 	
+
)) 
and 	[ 103 Rh 35 Cl([12]aneS 4 )] 	respectively. 	The UV/vis 





 1,781M 1 cm 1 ) 	and a shoulder at 
300 (1,165) 	corresponding to d-d 	transitions, 	and a 
charge-transfer 	transition 	at 	250 	(21,920). 	The 
intensities of the d-d bands are comparable with those 
observed for 	cis - [RhC 1 2 ([l 4 aneS 4 )J , 	indicative 	of a 
cis-configuration 	for 	the 	chlorides. 	The 
I 
 H 	n.m.r. 
spectrum of the product shows a complex second order 
muitipiet in the range ô= 3.3-4.2ppm due to the methylene 
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protons 	of co-ordinated [12}aneS 4 , while 13 C DEPT n.m.r. 
spectroscopy shows four 	distinct 	methylene 	carbon 
resonances 	at ô= 44.41, 	41.03, 	36.08 	and 	35.16ppm, 
(Fig. 6.1), which is consistent with Rh(III) binding to a 
folded macrocycle, with two mutually cis-Ci 	ligands. 
This evidence, 	together with microanalytical data, is 
consistent 	 with 	 the 	 formulation 
cis - [RhC 1 2 ([ 12 ]aneS 4 )]PF 6 . 
6.2.6: [RhC1 2 ([ 16 ]aneS 4 )1PF 6 
In view of the recent publication reporting 
trans-Mo(0) and MO(11) complexes incorporating a 
16-membered ring tetrathia macrocycle 162 , we argued that 
{16larieS 4 would be capable of binding Rh(111) to yield an 
octahedral complex with trans-configuration. 
Reaction of RhCI 3 .311 2 0 with one molar equivalent 
of 	(16]aneS 4 in refluxing ethanol for lb gives a bright 
yellow 	solution, 	from 	which 	the 	complex 
EjRhCl 2 ([1 6 ]aneS 4 )}PF 6 can be isolated upon addition of 
excess NH 4 PF 6 . Recrystallisation from MeCN affords bright 
yellow crystals of the product. 
The f.a.b. mass spectrum of the complex shows 
molecular 	ion peaks with correct isotopic distributions 
at M 	469, 434 and 399 which are 	attributed 	to 
103 35 	 + 	 - I 	Rh Cl 2 ([16]aneS 4 )] and successive loss of Cl 	from 
this species. The IJV/vis spectrum of this complex shows a 
d-d transition at A max = 369nm 	(a max = 151M 1 cm 1 ). 	This 
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extinction coefficient 	is considerably lower than those 
observed for the related 12- and 14-membered 	ring 
complexes which both exhibit cis-configurations. This 
suggests a higher degree of symmetry at the Rh centre in 
[RhCl 2 ([l61aneS 4 )i, and hence a trans-placement of the 
two chioro-ligands. The 1 H n.m.r. spectrum of the product 
shows a complex multiplet at ô= 2.28-3.65ppm due to the 
macrocyclic protons. These data, together with 
microanalyses 	and 	I.R. 	spe-ctroscopy, 	confirm 	the 
formulation trans - [RhCl 2 ([ 16 ]aneS 4 )]PF 6 . 
The 	geometry around the Rh(L11) centre. and the 
conformation of the macrocycle were 	of 	particular 
interest to us; 	consequently, 	we undertook a single 
crystal X-ray structural determination of this complex. 
6.2.7: Single Crystal Structure of {RhCl 2 ([I6]aneS 4 )]PE 6 
Details of the structure solution are given in 
the Experimental Section. Selected bond lengths are given 
in Table 6.7, bond angles in Table 6.8 and torsion angles 
in Table 6.9. Two ORTEP plots showing the cationic 
geometry are presented in Figures 6.4 and 6.5. 
The trans--configuration of the Cl 	ligands was 
confirmed by this study. The structure shows the Rh atom 
lying on a crystallographic inversion centre and the 
tetrathia ligand binding equatorially to the metal, with 
the six-membered chelate rings adopting alternate chair 
and twist-boat conformations. In this species the Rh-S 
0 
bond lengths are exactly equivalent [Rh--S 	2.3483(27)A], 
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indicating the absence of a similar trans-influence as 
observed 	for 	the 	Rh(III) , 	Ir(II1) 	and 	Ru(II) 155 
[14]aneS 4 analogues. The PP 6 counter-anion has 
crystallographically imposed 2-fold symmetry through the 
P atom and two F atoms. 
13 C 	DEPT n.m.r. 	confirms retention of this 
stereochemistry in solution, showing four 
methylene-carbon resonances at ô= 34.42, 32.27, 23.26 and 
21.85ppm (Fig. 6.1). 
The geometry of this cation is therefore very 
similar 	to 	that 	of 	the 	complex 	[Mo(CO) 2 (L)1 	(L= 
3,3,7,7,ll,ll,15,15-octamethyl-1,5,9,13-tetrathiacyclo-
hexadecane), where the Co ligands occupy mutually trans 
co-ordination sites 162 
-245- 
I- 
Fig. _6.4:VieW of the single crystal 
	
structure of 	RhCJ 2 ([16iafleS 4 )1 
C1(1) 	 14- 
Fg.6.5:A1ternative view of the single 	 + 
crystal structure of [Rhc] 2 Ul6IaneS 4 )] 
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Single Crystal Structure of 
[RhC1 2 ({l6]aneS 4 )]pF 6 
Table 6.7: Selected Bond Lengths() with e.s.d.'s 
Rh (1) -•C 1 (1 
Rh( l)- 5(1) 
Rh( 1)- S(5) 
S(1)- C(2) 






I .832(14)  











:fable 6.8: Selected Angles( °) with e.s.d.'s 
Cl(1)-Rh(l) -S(l) 92.88(8) 
C1(1)-Rh(1)-s(5) 92.72(8) 
S(1)-Rh(1) -S(5) 90.31(9) 
Rh(i)- 	S(1) - 	 C(2) 110.1 	(  
Rh(1)- 	S(1) -C(8') 104.5 	(  
C(2)- 	S(1) -C(8') 97.1 	(  
RIM)- 	S(5) - 	 C(4) 110.0 	( 5) 
Rh(1)- 	S(5) - 	 C(6) 105.1 	( 4) 
C(4)- 5(5) - 	 C(6) 97.2( 	6) 
S(1)-  - 	 C(3) 112.1(10) 
C(2)-  - 	 C(4) 114.8(13) 
S(5)-  - 	 C(3) 115.1(11) 
S(5)--  - 	 C(7) 111.8(10) 
C(6)-  - 	 C(8) 115.0(13) 
S(l' )-  - 	 C(7) 112.4(10) 
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Table 6.9: Selected Torsion Angles( 
0
) with e.s.d.'s 
C(8') - 	 5(1) - 	 C(2) - 	 C(3) 173.9(11) 
S(l) - 	 C(2) - 	 C(3) - 	 C(4) -76.1(14) 
C(2') -S(l' ) - 	 C(8) -- 	C(7) -166.6(11) 
C(2) - 	 C(3) - 	 C(4) - 	 S(5) 74.9(15) 
C(6) - 	 S(5) - 	 C(4) - 	 C(3) -170.7(11) 
S(5) - 	 C(6) - 	 C(7) - 	 C(8) -42.8(16) 
C(4) - 	 S(5) - 	 C(6) - 	 C(7) -165.5(11) 
C(6) - 	 C(7) - 	 C(8) -(1') -44.0(16) 
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6.2.8: Electrochemical Study On fRhCl 2 (L)j: 
(L= [12]aneS 4 , [14]aneS 4 , [16}aneS 4 ) 
The 	literature 	relating to 	Rh(II) 	species is 
dominated by dimeric complexes such as metal.Ioporphyrins 
of the general type Rh 2 P 2 (P= OEP 2 . TTP 2 ) (Chapter 5). 
There are only a few examples of genuine mononuclear 
105,168,190-203 
Rh(1I) 	species 	 , 	and 	reports 	of Rh(1I) 
191-194 
porphyrin 	intermediates 168, represent 	an 
important example. 
In recent years, the Edinburgh group has directed 
a great deal of effort towards investigations of the 
electrochemical properties of platinum group metal 
complexes incorporating polythia and polyaza macrocycles, 
with particular emphasis on the stabilisationof unusual 
oxidation states. In the course of this study, a series 
of complexes have been prepared successfully in which the 
metal exists in an uncommon d" - configuration, e.g. 
[M([ 9 ]aneS 3 ) 2 ] 3 	(M= Pd(III) 115.120 
	
Pt(III) 122), 
[Pd([9JaneN3)213 121,204 and [Pd(Me4[14]aneN4)I 119 
The results indicate that monomeric d 7 Rh(IT) species may 
also be accessible via electrochemical reduction of the 
appropriate Rh(III) complexes incorporating N and S-donor 
macrocycles. A further impetus for this work has been the 
stabilisation of Rh(l1) by homol.eptic, hexathia 
co-ordination in [Rh([9]aneS 3 ) 2 1 2 	(Chapter 2) 105,107 
Cyclic 	voltamrnetry 	of 	cis - 1RhCl 2 (L)1 	(L= 
{12JaneS 4 , 	[141aneS4) 	and 	trans-[RhCl2([i6ianeS4)] 	in 
MeCN (0.1M ' 1 Bu 4 NPF supporting electrolyte) 	at platinum 
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electrodes shows an irreversible reduction for each 
complex at E= -1.10. 	-1.10 and -0.83V vs. 	Fc/Fc 
respectively. 	No oxidation 	is observed in MeCN in the 
range 0 to 1.8V vs. Fe/Fe
+ 
[12 ] a n e S 4 
Successive coulometric measurements performed on 
[RhCl 2 ([l2]aneS 4 )] at -0.95V vs. Ag/AgC1, 298K yielded 
values for n of 1.44 and 1.83 electrons respectively, and 
in each case the generation of a golden yellow solution 
was accompanied by some plating out of rhodium metal. 
This is indicative of decomposition/disproportionation of 
the reduction product, and is consistent with the small 
12-membered ring tetrathia ligand being unable to 
accommodate the large Rh(II) centre. 
[14 ]aneS 4 
Coulometric measurement of the reduction 	of 
[RhCl 2 ([l 4 ]aneS 4 )] 	at 	-1.1V vs. 	Ag/AgCI gives n= 1.06 
electrons, and generates a pale yellow paramagnetic 
species which cannot be ,re-oxidised to generate the 
starting product. The e.s.r. spectrum of the reduction 
product, measured at 77K as a MeCN glass, shows a weak, 
rhombic signal w.th 9 1 = 2.230, g 2 = 2.090, g 3 = 2.003, 
consistent with 	the 	formation, 	in 	low yield, of a d 7 
Rh(II) species 115 
The reduction was followed by in situ IJV/vis 
spectroscopy 	at 	248K 	using 	an 	0.T.T.L.E. 	system. 
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Reduction of Rh(111) to Rh(II) leads to collapse 	of 	the 
charge-transfer absorption at 2 max = 246nm, and growth of 
a new band at A max = 288nm (s max 
 ca 4,600M 1 cm 1 ) and a 
shoulder 	at 	310nm (ca 2,200). 	This 	process 	is 
irreversible and is not isosbestic, indicating that the 
reduction is not a simple one-electron transfer, but also 
involves some chemical or co-ordinative change. 
All of these data are consistent with reduction 
to d 7 Rh(IT) followed by loss of Cl from the complex, 
generating a five-co-ordinate or solvated product. In 
each of these systems binding of Cl to the metal would 
be expected to be destabilised on reduction. 
Cyclic voitametry of cis-[IrCl2([i4JaneS4)]PF6 in 
MeCN shows no oxidation in the range 0 to .2.OV. The 
complex exhibits an irreversible reduction at E = -1.82V 
• 	 PC 
vs. Fc/Fc 4 at a scan rate of 200mVs
1
. 	Coulometric 
measurements performed at -2.OV under the same conditions 
as used for rhodium, gave n= 0.85 electrons, suggesting 
that this complex also undergoes a one-electron reduction 
accompanied by loss of chloride ligand. The reduction 
potential 	is 	relatively cathodic 	compared 	to 	those 
observed for the related Rh(III) 	tetratlila macrocyclic 
complexes. 	Larger ring thioether macrocycles would be 
more likely to afford trans-dichioro Ir(III) species, and 
to stabilise lower valeiit, electron-rich Ir centres 205 
16 ] a n e S 4 
Cou]ometric measurements of the reduction of 
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IRhC1 2 ([ 16 ]aneS 4 )1 	at -l.OV gives n= 0.98 electrons. 
The bright yellow reduction product cannot be ox.idised to 
regenerate the starting material, again suggesting that 
the reduction involves a one-electron reduction to a 
highly reactive Rh(II) complex combined with rapid loss 
of Cl ligand in a process similar to that proposed for 
the 14-membered tetrathia system above. Loss 	of Cl 	is 
confirmed by the observation of a C1 ° couple at ca 
+0.8V vs. 	Fc/Fc 	in the cyclic voltammogram of the 
reduced 	solution. 	The reduction product decomposes 
rapidly at room temperature. 
	
These studies of the redox chemistry of 	the 
Rh(Ill) 	tetrathia macrocyclic 	complexes suggest 	that 
similar 	processes occur 	in 	each 	system. 	Further 
characterisation of the reduction products was inhibited 
by decomposition reactions 	in solution. 	The 	transient 
nature of the Rh(II) 	species may be due to further 
reduction and Cl loss, yielding a highly reactive, 
square planar Rh(l) tetrathia macrocyclic product. Such 
complexes have been isolated and characterised 
crystallographically 109, e.g. [Rh([14]aneS4)r which has 
been shown to undergo extremely facile oxidative addition 
reactions with a variety of substrates, including C11 3 1. 
C1  and even CH 2 C1 2 
 109, 110 
An alternative approach 	to 	Rh( [1) 	species 	was 
also 	initiated. 	This 	involved attempting to substitute 
the Cl 	ligands (it-donors) in the Rh(l11) precursor for 
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other species with back-bonding capability, so that the 
Rh-substituent bond would be strengthened rather than 
weakened upon reduction. 	Substitution reactions were 
attempted using pyridine, PPh 3 , PEt 3 and P(OMe) 3 . 
Unfortunately, even in the presence of Tl+  (to remove the 
Cl as a T1C1 insoluble precipitate in MeCN or MeNO 2 ) we 
were unable to generate pure compounds. F.a.b. mass 
spectroscopy of the isolated products showed 	peaks 
consistent 	with the presence of chloride-containing 
rhodium species. The failure of this 	approach 	is 
presumably attributable to the 	inertness of the d 6 
Rh(III) 	centre 	to 	substitution, 	hampering 	complete 
displacement of Cl even under forcing conditions. 
Alternative routes to these phosphine complexes may be 
achieved by utilizing different Rh(III) starting 
compounds, such as RhC1 3 (PR 3 ) 3 where one or more 
Rh-phosphine bonds may be retained in preference to 
Rh-Cl 
6.2.9: 	[RhC1 ( [15}aneS 5 ) 
The generation of transition metal complexes 
incorporating specific labile sites is of particular 
interest currently, due to the potential of such species 
for the activation of small substrate molecules via 
co-ordination to a metal centre. Binding and insertion 
reactions of this nature using metalloporphyrin dimers of 
the general type M 2 P 2 (M= Rh, Ir, Ru, Os, and P= OEP
2 , 
'rTP 2 ) have received a great deal of attention in recent 
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years (Chapter 5). 
We argued that co-ordination of a pentathia 
macrocyclic 	ligand to 	Rh(III) 	would 	occupy 	five 
co-ordination 	sites, 	leaving one vacant, 	and thus 
available for further reaction. Moreover, the thioether 
macrocycie would act as a protecting group for the metal 
centre while also possibly permitting some degree of 
stabilisation of unusual oxidation states. These 
complexes, therefore, have potential in electrocatalysis. 
Very few transition metal complexes incorporating 
1 1 5]aneS 5 have been reported. 	The 	single 	crystal 
structure of 	[15IaneS5 
13 
 shows 	the iigand to adopt a 
rather irregular shape, in which all 	five 	sulphur-donor 
atoms are exodentate. In this species seven out of ten 
C-S bonds adopt a gauche placement. Although odd-membered 
rings generally show anomalous torsion angles due to 
significant ring 206, , the majority of C-S torsions 
in [15]aneS are gauche. This further consolidates the 
observation that crown thioethers have a strong affinity 
for gauche placements at the C-S bonds. 
Rorabacher et al have reported the synthesis and 
single crystal X-ray structure 	of 	the 	Cu(I1) 	complex. 
[Cu([lSianeS)](C104)2 207 The structure shows the 
Cu(II) ion co-ordinated to all five sulphur-donors of the 
macrocycle, generating a quasi-square-pyramidal 
structure. 	It 	is 	interesting 	that 	the metal ion sits 
0.41A° above the mean S 
4 	 ap 
plane, 	and the Cu-S 	bond 
0 	 0 
length of 2.398(2)A is only 0.08A longer than the mean of 
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1 2+ 
the 	four 	CU_Seq 	distances. 	The 	Cu(I) 	complex, 
[Cu({151aneS 5 )r, adopts a tetrahedral geometry, with the 
Cu(I) ion binding to four S-donors with the fifth sulphur 
dangling. 207 
Schrder and co-workers have recently prepared 
the 	Pd(II) 	and 	Pt(1I) 208 complexes, [M([ 15 ]aneS 5 )] 2 . 
The solid state structure of 	the 	Pd(II) 	species 	(Fig. 
6.6) 	shows 	a very unusual geometry , with the d 8 Pd(II) 
ion bound to all five sulphur-donors of the ligand, 
giving an irregular structure with three short Pd-S bonds 
[Pd-S= 2.294(12), 2.278(8), 2.336(11)j and two rather 
0 
longer [Pd-S= 2.532(11), 2.540(11)A]. Interestingly, 	the 
d 8 Pt(II) complex is not isostructural. in this case the 
metal is bound to a distorted square planar arrangement 
of 	the 	S - donors, with normal Pt-S bond lengths 
iPt-S=2.283(7), 2.309(7), 2.301(8), 	2.306(7)], 	leaving 
one 	sulphur 	atom 	interacting 	at 	long-range 
0 
[Pt-S= 2.894(9)AI, (Fig. 6.7). 
Fig._6.6:Single crystal structure of [Pd([15]aneS 5 )I 2 
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j_6: Single crystal structure 
of tPt(t 15 aneS5 ) I
2- 
 12+ 
Reaction of RhC1 3 .31-1 2 0 with one molar equivalent 
of 	[15laneS 5 in refluxing methanol for 3h gave a pale 
yellow 	solution 	which 	yielded 	the 	complex 
[RhCI([ 15 ]aneS 5 )1(PF 6 ) 2 as a light yellow 
microcrystalline solid upon addition of excess NH 4 PF 6 , 
and recrystallisation from MeCN. 
We were particularly interested to determine 
whether the macrocycle would be sufficiently flexible to 
allow the fifth sulphur to occupy an apical co-ordination 
site, while still binding to Rh(II[) equatorially via the 
other four. Otherwise Cl ligands might be expected to 
occupy both apical sites. The f.a.b. mass spectrum of the 
product showed molecular ion peaks at 437, 403 which 
are 	assigned 	to 	[ 103 Rh 35 Cl([ 15 1aneS 5 ) - H1 	and 
{ 103 Rh({15]aneS 5 )r on 	the basis of their 	isotopic 
distributions. No peaks are observed at higher mass 
units. 1 H n.m.r. spectroscopy in CD 3 NO 2 shows a complex 
second order multiplet due to the methylene protons. 13 C 
DEPT n.m.r. exhibits five independent methylene-carbon 
resonances at ô= 36.20, 39.03, 39.89, 40.31 and 40.69ppm, 
consistent with pentadentate co-ordination of the 
macrocycle to Rh(III) with Cl accommodating the vacant 
site. The resonance at ô= 36.20ppm is assigned 
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tentatively to the CH 	groups adjacent to the apical 
sulphur-donor. This evidence combined with 
microanalytical and I.R. spectroscopic data confirms the 
presence of only one Cl ligand, i.e. the complex can be 
assigned as [RhC 1 ([ 15 ]aneS 5 )](PF 6 ) 2 
6.3: Conclusions 
This 	investigation 	of 	Rh(III) 	and 	Ir(III) 
polythia macrocyclic complexes demonstrates that these d 6 
metal 	centres 	readily 	co-ordinate 	to 	tetrathia 
macrocycles to 	generate 	highly 	stable 	octahedral 
complexes. 	This further exemplifies the observation that 
while thioethers (R 2 S) 	are relatively weak donors to 
42 
transition 	metals 	(Chapter 	1) 	. 	binding 	is 
significantly 	enhanced 	if 	the 	sulphur 	atom 	is 
incorporated in a macrocycle. 	The hole-size in the 
16-membered macrocycle, [16laneS4, is sufficiently 	large 
to enable complexation of Rh(III), with the four 
thioether-donors occupying equatorial sites. In contrast, 
the cavity-sizes of the 12- and 14-membered rings are too 
small to encircle the Rh(III) ion. Thus, while Rh(III) 
does •bind to all four sulphur-donors, the latter two 
macrocycles are required to adopt a folded conformation, 
producing two mutually cis-co-ordination sites. 
Preliminary 	electrochemical 	investigations 
indicate that monomeric Rh(II) 	species 	are 	accessible 
upon 	reduction 	of 	the 	14- and 16-membered ring 
macrocyclic Rh(III) precursors. 	However, 	the 	reduction 
products are extremely reactive and much less stable than 
[Rh([9]aneS 3 ) 2 ] 2 . 	The 	difference 	in stability may be 
attributed to several 	factors. 	Firstly, 	the 	hexathia 
co-ordination in the bis-[91aneS 3 system will favour 
stabilisation of low-oxidation states 	due 	to 	the 
back-bonding capability of sulphur. In contrast, the 
complexes discussed in this Chapter incorporate two 
it-donor Cl ligands, and only four sulphur-donors. This 
is also reflected in the reduction potentials, which are 
significantly more cathodic. Secondly. d 7 Rh(II) species 
would be expected to exhibit a Jahn-Teller distorted 
geometry. In [RhH9]aneS3)212, the 9-membered trithia 
macrocycles are sufficiently flexible to accommodate this 
stereochemical requirement, but still protect each 
co-ordination 	site. 	In 	contrast, 	reduction 	of 
iRhCl 2 Ul4]aneS 4 )I 	will tend - to destabilise 	the Rh--Cl 
bonds, 	resulting 	in 	rapid 	loss 	of 	Cl 	to 	form 




6.4.1 - [RhC1 2 ( [12]aneS 4 )]PF 6 
Reaction 	of 	RhC1 3 .3F1 2 0 (43mg, 0.116mmol) in H 2 0 
(5m!) with [12]aneS 4 (40mg, 0.116mmol) in refluxing MeOH 
(130m1) 	for 2h under N 2 afforded a bright yellow 
solution. 	Addition of excess NEI 4 PF 6 gave a 	yellow 
precipitate which was collected and recrystailised from 
MeCN 	(Yield: 75mg, 	81%). 	Mo]. wt. 559.23. 	Elemental 
analysis: found C= 17.2, H= 2.91, S= 23.1%; calculated 
for [C 8 H 16 C1 2 S 4 Rh]PF' 6 : C= 17.2, H= 2.88, S= 22.9%. UV/vis 
spectrum (MeCN) : A max = 401m (S 
max
= 1.781M 1 Cm - ') 
300(sh) (1,165), 	250 (21,920). 	F.a.b. 	mass 	spectrum 





{ 	Rh 	Cl([12laneS 4 )1 M = 378. 




13 	DEPT n.m.r. (50.32MHz, CD 3 CN, 298K): 
5= 44.41, 41.03, 36.08, 	35.16ppni 	(CH 2 ) 	I.R. 	spectrum 
(KBr disc): 2990m, 2925m, 1410vs, 1280m, 1265m, 1150w, 
1120w, 1090m, 990w, 950w, 925m, 840vs, 555vs, 360m. 345m, 
330m, 290m, 270w cm 1 . 
6.4.2: [RhC1 2 ([14]aneS 4 )IPF 6 
To 	a 	refluxing 	solution 	of 	114janeS 4 
(61mg, 0.228mmoI) 	in 	MeOU 	(100m!) was added RhC1 3 .3H 2 0 
(60mg, 0.228mmo1) in H 2 0 (5m1) dropwise. The reaction 
mixture was refluxed under N 2 for lh to yield a bright 
yellow solution which was filtered to remove insoluble 
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chioro-bridged 	polymer. 	Addition 	of 	excess 	NI-1 4 PF 6 
afforded a yellow precipitate, which was 	recrystallised 
from MeCN (Yield.: 100mg, 75%). As reported by Busch 157 
it is important that RhCI 3 is added to a refluxing 
solution of the 	ligand 	to minimise the formation of 
chioro-bridged 	polymer. 	Mol.. wt. 587.28. 	Elemental 
analysis: 	found 	C= 20.4, 	H= 3.44, S= 21.4%; calculated 
for 	[C10H20C12S4Rh1.PF'6: 	C=.20.4, 	H= 3.43, 	S 	21.8%. 
UV/vis spectrum (MeCN): A max = 362nm (S 
max = 
949M cm 1 ), 
319 (765), 246 (10,370). I.R. spectrum: (KBr disc): 3000m, 
2940w, 1430vs, 1420vs, 1400m, 1360w, 1300w, 1280w, 1270m, 
1240w, 1160w, 1130m, 1100w, 1020w, 1010w, 985m, 930m, 
840vs, 555vs, 460w, 370w, 310m, 280m cm- 1. 
6.4.3: [RhC 1 2 ([ 14 1 aneS4)  I BPh 
The BPh 4 salt was prepared by the same method as 6.4.2, 
using NaBPh 4 	in 	place 	of 	NH 4 PF 6 . 	Mo]. wt. 761.55. 
Elemental 	analysis: 	found 	C= 53.4, 	-1= 5.35, Cl= 9.67. 
S= 16.996; calculated for [C 10 H 20 Ci 2 S 4 RhI[C 24 H 20 11]: 
C= 53.6, F{= 5.29, Cl= 9.31, S= 16.8. F.a.b. mass spectrum 
(3-NOBA matrix): found M= 441, 406, 370; calculated for 
M= 441, 
[ 	Rh 	Cl ([14] aneS 4 ) ] 	 M = 406, 
	
1 103 Rh({ 1 4]aneS 4 - H)] 	 M= 370. 
n.m.r. spectrum (80MHz. CD 3 CN, 298K): ô.= 6.8-7.7 (2011, 
BPh 4 , m). 2.5-3.6ppm (2011. CH 
2' 
 m) . 13 C DEPT n.m.r. 
spectrum (50.32MHz, CD 1 CN, 333K): 6= 38.31, 30.10, 29.95, 
29.85, 23 . 84ppm (CU 2 ) 
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6.4.4: Single Crystal Structure of [RhC1 2 ([l 4 janeS 4 )}PF 6 
Yellow crystals suitable 	for a single crystal 
X-ray 	structure 	determination 	were 	obtained 	by 
recrystallisation of the complex from MeCN. 
Crystal Data: 
[C 10 H 20 C1 2 S 4 Rh]PF 6 , 	M= 587.28, 	monoclinic, 
space group C2/c, a= 10.746(8), b= 11.298(5), 
0 	 03 
c= 15.708(8)A, !3 = 92.00(5) 	, V= 1905.9A , 	(by 
least-squares 	refinement on diffractometer angles for 12 
- 	 0 	 -3 
centred 	reflections. A= 0.71073A), Z=4, D= 2.047gcm 
Crystal 	dimensions 0.50x0.50x0.30mm, 	(Mo-Ka)= 16.5cm 1 , 
F(000)= 1168. 
Data Collection and Processing: 
Stoe STADI-4 four-circle diffractometer, o/O mode 
with w scan--width (2.0+0.35tanO)
0
, graphite-monochromated 
Mo-Ka radiation; 1320 reflections measured to 20= 450 
	
(h 
-1212, 	k 0-12, 1 0-17), giving 1161 with F>6a(F). 
No significant crystal decay, no absorption correction. 
Structure Analysis and Refinement: 
A Patterson synthesis located the Rh atom and 
iterative cycles of least-squares refinement and 
difference Fourier synthesis located all remaining atoms, 
including H-atoms which were then refined positionally 
but 	with a fixed, 	isotropic thermal parameter 	(U= 
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02 
0.08A ). 	All 	non-11 atoms were refined anisotropica.Ily. 
-1 	2 	 2 
The 	weighting 	scheme w = a (F)4-0.000076F 	gave 
satisfactory 	agreement 	analyses. 	At convergence R, 
0.0311 and 0.0461 respectively for 	141 	parameters, 
8= 1.191 	and in 	the final difference Fourier synthesis 
0-3 
the maximum and minimum residuals were 0.84 and --0.50eA 
respectively. 
6.4.5: [IrCl 2 (l4]aneS 4 )]BPh 4 
To 	a 	ref]uxing 	solution 	of 	[14]aneS 4 
(40mg, 0.149mmol) 	in refluxing ethanol (50m1) containing 
an 	excess 	of 	NaBPh 4 	was 	added 	IrCl 3 .3H 2 0 
(52mg, 0.147mmol) in H 
2 
 0 (5m1). The reaction mixture was 
refluxed under N 2 for 14h, cooled and the yellow/brown 
precipitate collected. This was then dissolved in hot 
MeNU 2 and filtered to remove insoluble chioro-bridged 
polymer. The filtrate was cooled to afford a cream 
precipitate of 1IrC12(1114}aneS4)JBPh4 which was collected 
and dried in vacuo (Yield: 42mg, 33%). Mol. wt. 850.85. 
Elemental 	analysis: 	found 	C= 47.4. H= 4.78; calculated 
for EC 10 H 20 C1 2 S 4 IrI[C 24 H 20 BI: 	C= 48.0, 	H= 4.74. 	F.a.b. 
mass 	spectrum (dm1/glycerol matrix): found M= 531, 496, 
461; calculated for 
[ 193 Ir 35 Cl 2 ([ 14 ]aneS 4 )} 	M 4 = 	531, 
1 193 Ir 3 Cl([ 14 ]aneS 4 )] 	 M= 496, 
1193Ir([14]aneS4)I 	 M= 461. 
(JV/vis spectrum 	(MeCN) : A 
max 	 max 
= 348nm 	( 	= 113M 1 cm 1 ) 
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297 (1,400), 275 (2,760), 267 (3,370),, 216 (29,400). I.R. 
spectrum 	(CsI 	disc): 3060m, 2980m, 2910m, 158Dm, 1480m, 
1430vs, 1300w. 1270m, 1190w, 1130w, 	1030w, 	860m, 	850m, 
810w, 740vs, 710vs, 610 vs, 530m, 310m, 305m cm- 1. 
6 . 4. 6: [1 rC 12 ([14] aneS 4 ) J PF 6 
Replacement of NaBPh 4 with NH 4 PF 6 in the above 
preparation (6.4.5) yielded . the corresponding PF 6 	salt. 
Mol. wt. 676.58. 	Elemental 	analysis: 	found 	C= 18.1, 
11=3.04, 	S= 18.8%; 	calculated 	for 	[C 10 H 20 C1 2 S 4 Ir]PF 6 : 
C= 17.8, 	11= 2.98, 	S= 18.9%. 'H n.m.r. spectrum (200MHz, 
CD 3 NO 2 , 293K): ô= 2.5-3.5ppm (CH 2' 	m). 13 C 	DEPT 	n.m.r. 
spectrum 	(50.32MHz, 	CO3 NO 2 , 	293K): ô= 37.99, 	29.52, 
28.96, 28.39, 23.90ppm. 
6.4.7: Single Crystal Structure of [IrC1 2 ([14]aneS 4 )]BPh 4 
Colourless 	needles 	suitable 	for 	X-ray 
crystallography were obtained by vapour diffusion of 
diethyl ether into a solution of the complex in MeNU 2 . 
Crystal Data: 
[C 10 H 20 C1 2 S 4 1r][C 24 H 20 BI, M= 850.85, 	monoclinic, 
space group P2 11 a= 12.6927(14). b= 12.1361(20), 
0 	 03 
C" 14.4912(18)A, 3= 111.813(13), V= 2072.4A , 	 (by 
least-squares refinement on diffractometer angles for 20 
0 	 -3 centred reflections, A= 0.71073A), Z= 2, D 	 1.363gcm 
Crystal dimensions 0.46x0.15x0.15mm, p(Mo-Ka)= 35.18cm 1 , 
F(000)= 848. 
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Data Collection and Processing: 
Ste STADI-4 four-circle diffractometer, wIG mode 
with w scan-width (1.44-0.35tanO)
0
, graphite monochromated 
Mo-Ka radiation; 2882 reflections measured to 29= 
450  (h 
-13 >12, k 0—)13, 1 0-14), giving 2508 with F>6a(F). 
No significant crystal decay. 
Structure Analysis and Refinement: 
The Ir position was located from a Patterson 
synthesis and input to DIRDIF which located the Cl and S 
atoms. Iterative rounds of least-squares refinement and 
difference Fourier 	synthesis 	located all 	other non-H 
atoms. 	At 	isotropic 	convergence, 	final correction for 
absorption was made using DIFABS. 	Initial 	absorption 
correction 	was 	made 	using 	48 *-scans 	(maximum 
transmission factor= 0.2382, minimum= 0.2022). 
Anisotropic thermal parameters were refined for Ir, S. 
Cl, and all niacrocyclic C-atoms. H-atoms were included in 
fixed, calculated positions. The phenyl groups of the 
BPh 4 counterion were refined as rigid groups. The 
absolute configuration of the structure was not easy to 
establish with certainty since both hands refined well to 
essentially the same R-factors. The 20 reflections were 
selected with the greatest discrimination factor defined 
as d= F 1 F 2 sin 2 (T 1 -T 2 )/F 0 , 	where subscripts 1 and 2 refer 
to structure factors calculated for the Ir atoms and 	for 
the other atoms respectively. For the fully refined data 
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sets, these 20 data gave R= 0.032 for 	the hand chosen, 
and 0.049 for the opposite hand. More strikingly, bond 
lengths to Ir are much less consistent in the less 
favoured hand, the Ir-S lengths being more divergent, and 
the Ir-CI lengths being much shorter. The weighting 
scheme w 1 = a 2 (F)+0 002572F 2 gave satisfactory agreement 
analyses. At final convergence R. = 0.0363 and 0.0509 
respectively, S= 1.137 for 205 	parameters, 	and 	in 	the 
final 	difference Fourier synthesis the maximum and 
0-3 
minimum residuals were +0.67 and -0.64eA 	respectively. 
6.4.8: [RhCl 2 ([l6]aneS 4 )]PF 6 
	
Reaction of RhCl 3 .3H 2 0 (35mg, 0.135mmoi) 	in H 2  0 
(önil) 	with [16]aneS 4 (40mg, 0.135mmol) in refluxing EtOH 
(150m1) 	for 	lh under N 2 afforded a bright 	yellow 
solution. 	Addition of excess NH 4 PF 6 gave a yellow 
precipitate which was collected and recrystallised 	from 
MeCN 	(Yield: 60mg, 72 016). 	Mol. wt. 615.34. 	Elemental 
analysis: found C= 23.6, 	H= 3.90, 	S- 20.3%; 	calculated 
for [C 12 H 24 C1 2 S 4 RhJPF 6 : C= 23.4, H= 3.93, S= 20.8%. 
F.a.b. mass spectrum (3-NOBA matrix): found M= 469, 434, 
399; calculated for 
469, 
[ 	Rh 	C1([16]aneS 4 )1 	M = 434, 
[ 103 Rh([ 16 ]aneS 4 )] 	 M= 399. 
111 n.m.r. spectrum 	(80MHz. 	CD3 CN. 	298K): ö= 2.3-3.7ppm 
(24H, CFI, m). 
13 
 C DEPT n.m.r. spectrum (50.32MHz. CD 3 CN, 
298K): ô= 34.42, 	32.27, 	23.26, 	21.85ppm(CI-1 2 ). 	UV/vis 
-265- 
spectrum 	(MeCN): A max = 369nm 	(€ 
max  151M1cm1), 
278 (38,290), 	232 (18,930). 	I.R. 	spectrum 	(KBr disc): 
2980w, 2920m, 2840w, 1430vs, 1405m, 1310m, 1290m, 	1255w, 
1240m, 	1195w, 	1160m, 1120w, 1080w, 1020m, 840vs, 555vs, 
365m. 305m, 270w cm_ i . 
6.4.9: Single Crystal Structure of [RhC1 2 ([16]aneS 4 )]PF 6 
Yellow crystals of suitable quality for an X-ray 
structural determination were obtained by 
recrystallisation of the complex from MeCN. 
Crystal Data: 
1C 12 H 24 C1 2 S 4 Rh]PF 6 , 	M= 615.34, 	monoclinic, 
space group C2/c, a= 11.9507(20), b= 11.1053(15), 
0
3 -  16.2067(18)A, 3= 95.197(21) 	V= 2142.1A , 	(by 
least-squares refinement on diffractometer angles for 30 
0 
centred reflections, A= 	0.71073A), Z = 4, 	1.908gcm 
Crystal dimensions 0.23x0.15x0.15mm, 	(Mo-Ka)= 14.72cm 1 , 
F(000)= 1232. 
Data Collection and Processing: 
St'de 	STADI-4 	four-circle diffractometer, w/26 
mode 	 with o scan-width 	 (1.20+0.347tan9) 0 , 
graphite-moriochromated Mo-Ka radiation; 1549 reflections 
measured to 20= 45 
0
(h -12--12, k 0-11, 	I 0—)17) 
giving 	1067 with F>6a(F). No significant crystal decay, 
no absorption correction. 
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Structure Analysis and Refinement: 
Analysis 	of 	intensity 	statistics 	clearly 
indicated the position of the Rh atom; using this 
information as input. DIRDIF successfully located the Cl, 
S and P atoms. Subsequent iterative cycles of 
least-squares refinement and difference Fourier synthesis 
located all other non-H atoms. H-atoms were included in 
fixed, calculated positions, and Rh, S. 	C, 	F, 	F atoms 
were refined anisotropically. 	Both the cation and PF 6 
anion 	were 	ordered. 	The 	weighting 	scheme 
1 = a 2 	 2 (F) ~ 0000475F W 	gave 	satisfactory 	agreement 
analyses. 	At 	convergence R. R= 0.0396 	and 	0.0536 
respectively 	for 	121 	parameters. S= 1.202 and 	in the 
final difference Fourier synthesis the maximum 	and 
O_3 
minimum residuals were +0.80 and -0.51eA 	respectively. 
6.4.10: 	[RhC1([15]aneS 5 )](PF 6 ) 2 
Reaction of RhCI 3 .3R 2 0 (35mg. 0.133mmol) in H 2 0 
(5m1) with {15]aneS 5 (40mg. 0.133mmol) in ref].uxing MeOH 
(30ml) for 3h under N 2 yielded a pale yellow solution. 
Addition of excess NFI 4 PF 6 afforded a yellow precipitate 
which was collected, recrystallised from MeCN and dried 
in vacuo (Yield: 77mg, 83%). Mol. wt. 693.40. Elemental 
analysis: 	found 	C 	17.0, 	H= 2.78, S= 23.6%; calculated 
for 	C 10 H 30 cis 5 RhIJ(PF 6 ) 2 : 	C= 17.3, 	H= 2.91, 	S=- 23.1%. 




4- 	 + 
calculated 	for 	[ 	 Rh C1(f. 1 5]aneS 5 )j M = 438, 
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1 103 Rh([15]aneS 5 )] 	M= 403. 1 H n.m.r. spectrum (80MHz, 




 C DEPT n.m.r. 
spectrum 	(50.32MHz, 	CO3 NO 2 , 	298K): 5= 36.20, 	39.03, 
39.89, 	40.31, 	40.69ppm (CU 2 ). I.R. spectrum (KBr disc): 
3005m, 2940m, 2840w, 1430vs, 1290w, 1275w, 1160w, 	1120w, 
950w, 840vs, 555vs, 360w, 315w, 285w cm- 1. 
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CHAPTER 7 
Structural and Electrochemical Studies 
on [RhC1 2 (Me 4[14]aneN4)} 
7.1 	Introduction 
The co-ordination chemistry of nitrogen-donor 
macrocyclic ligands with transition metal ions has been 
i i 
209
nvestigated extensively n recent years . However, 
only a few complexes incorporating platinum group metals 
19,182,183,187 
have been reported 
Electrochemical 	studies on a series of Rh(IJI) 
and lr(III) tetrathia macrocyclic complexes 	showed 	that 
highly 	reactive 	Rh(II) monomeric species could be 
generated (Chapter 6). 	We proposed that more stable 
Rh(II) 	monomers may be generated by replacing the 
sulphur-donor atoms with nitrogen-donors. The macrocycle 
selected for this study was the 14-membered tetra-aza 
macrocycle, Me 4 [l4iaueN 4 . 
Me 4 [14}aneN 4 binds to 	a 	wide 	variety 	of 
transition metal 	ions, and can beassociated with a wide 




Ru(VI) 	 n the presence of oxo-ligands, to d 
212' l3 
Cu(I) and Ni(I) in 	aqueous 	solution 	 • 	Recently, 
Schr6der and co-workers have shown that a d 9 Pd(I) centre 
can 	be 	stabilised 	by 	the 	tetra-aza 	ionophores, 
Me 4 [l4JaneN 4 and Bz 4 [l4]aneN 4 , (1-3) 119 thus, further 
confirming that these ligands can stabilise low oxidation 
states. 
R  V  ( 1R-H (3)R=Bz 
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We reasoned, therefore, that the stabilisation of reduced 
Rh(II) and Rh.(I) centres might be achieved using this 
redox-inactive tetra-aza macrocyclic ligand system. 
There are few examples of monomeric 	Rh(II) 
centres. 	These 	include 	[Rh([9]aneS 3 ) 2 ] 2+ which shows a 
reversible Rh(III)/(II) redox couple at 	 -0.71V vs. 
+ 105,107 	 2-. Fc/Fc 	 , [Rh(L')] 	(L= 	porphyrinate 	), 	which 
readily dimerises to [{Rh(L')} 2 ] involving a direct Rh-Rh 
168,191-194 	 .2+ bond 	 , and [Rh(sepulchrate)j 	(4) which show 
a 	Rh(III)/(II) 	couple 	at 	E 1/2 = -l.71V vs. Fc/c 	
190 
Both of these latter two incorporate polyaza macrocyclic 
derivatives, 	thus providing a further incentive for our 
study of 	the 	co-ordination 	of 	Me4 [14]aneN 4 	with 
rhodium( III) 
13+ 
A further advantage of Me 4 14]aneN 4 is that it 
incorporates tertiary amine functions which are not 
susceptible to oxidative dehydrogenation on complexation 
to a metal centre. This is a decomposition process which 
is characteristic of complexes involving secondary amines 
to form a-imine products, (5). N-alkylation inhibits this 
reaction, as well as slowing down the rate of ligand 
exchange. Indeed, the stabilisation of Cu(I) and Ni(I) by 
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Me 4 [14}ane 4 is attributed to these two factors combined 
with the weaker ligand field exerted by the N-alkylated 
ligand, which also favours the low oxidation state 214 
[Ri 
	
M1 	-2 	> k , 
iH I/M c:H 
RJ 	 L 
+ 2H (5) 
The approach adopted was based on the synthesis 
of the mononuclear, octahedral Rh(III) precursor, 
followed by electrochemical reduction of this complex to 
the corresponding d 7 Rh(II) species. 
Ligand Synthesis 
[14]aneN 4 , 	the 	non-methylated 	analogue 	of 
Me 4 [ 14 ]aneN 4 , was first synthesised by Van Alphen 
21 
 and 
later by Stetter and Mayer 
216 
 The yields of amine from 
these routes were rather 	low. 	A significantly higher 
yield 	(over 65%) 	can be achieved using the in situ 
template 	method 	later 	developed 	by 	Barefield 
217-219  
et al 	 . 	This 	route, 	summarised 	in 	Fig. 7.1, 
involves 	a 	condensation 	reaction 	between 
1,5,8,12-tetraazadodecane and glyoxal in the presence of 
nickel(1I) ions, followed by reduction using NaBH 4 or 
hydrogen and Raney nickel catalyst. The Ni(Il) ion can 
then be displaced from {14]aneN4 using CN. Me 4 [14)aneN 4 
can be obtained in quantitative yield by methylation of 
free [14]aneN 4 using formic acid/formal dehyde
61 
 It is 
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aslo available from a commercial supplier. 
A wide variety of macrocyclic tetramines have 
been obtained by using modifications of this metal 	ion 
217-219 assisted cyclisation reaction 
The single crystal X-ray strucure of {14}aneN 4 
has been determined 220 This shows two independent 
molecules per unit cell, each with a crystallographically 
imposed centre of inversion. Both molecules exhibit very 
similar endo-conformations, closely resembling the 
conformations found for the Co(II) and Ni(II) 
complexes 221,222  This contrasts with the exodentate 
conformations characteristic of all of the free thiether 
crowns (Chapter 6). The endo form identified for free 
[14]aneN 4 is stabilised by H-bonding across the 
1,3-diamine links. Thus, unlike its thioether 	analogues, 
this 	ligand 	is 	pre-organised 	with 	respect 	to 
co-ordination of; 	a 	transition 	metal 	within 	the 
macrocyclic 	cavity. Although the structure of free 
Me 4 [14]aneN 4 has not been reported, the close 
relationship between the two macrocycles suggests that it 
should adopt a similar configuration to [14IaneN 4 , with 
the N-functions in an endo configuration, with all four 
methyl groups lying on the same side of the N 4 plane 223 
-272- 
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Fig. 7.1:Synthesjs of Me4[14]aneN 
7.2: Results and Discussion 
7.2.1: [RhCI 
2 
 (Me 4 [141 aneN 4 ) } + 
Reaction of RhC1 3 .3H 2 0 with one molar equivalent 
of Me4[14]aneN4 in ref].uxing anhydrous MeOLL or EtOH for 
lh under N 2 gave a golden yellow solution, (prolonged 
refluxing resulted in reduction to rhodium metal). 
Addition of excess NH 4 PF 6 afforded a bright yellow 
product, which was recrystallised from MeCN to yield 
orange, air-stable crystals. The importance of utilizing 
anhydrous conditions should be emphasised since in the 
presence of water, ligand protonation is predominant. 
The I.R. spectrum of the complex shows a single 
peak at 280cm 1 assigned to a Rh-Cl stretching vibration, 
(u(Rh-Cl)). The presence of only one such band suggests 
that this is a trans-dichioro complex. The tJV/vis 
spectrum of the product shows an intense 	transition at 
A max  222nm (6 max = 39,900cm
-1 
 ), which is assigned to a 
Cl—Rh charge-transfer transition. Two d-d transitions 
are also observed at A max = 324 (241) and 452 (63). The 
low extinction coefficients for the d-d bands are 
consistent with a relatively high degree of molecular 
symmetry, indicating that the two co-ordinated Cl 
ligands are mutually trans. 	Similar 	intensities are 
reported 	for 	a 	series 	of 	analogous 	complexes, 
trans-{RhX2([14]aneN4)J 	
182,183 
The 	f.a.b. 	mass 
spectrum of the complex shows a peak with the correct 
isotopic 	distribution 	at 	M= 429 	assigned 	to 
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103 35 	 + 
[ 	Rh C1 2 (Me 4 [14]aneN 4 )] , 	with 	further 	peaks 	at 
M= 394 and 358 corresponding to successive loss of 
103 35 	 + chloride 	ligand giving 	[ 	Rh Cl(Me 4 [14]aneN 4 )] 	and 
[ 103 Rh(Me 4 [14]aneN 4 -H)] 	respectively. 	Based on this 
evidence 	together 	with 	microanalytical 	data, 	we 
formulated the complex as trans-{RhCl 2 (Me [14]aneN)]pp. 
It was important to assign the configuration of 
the N-methyl groups 	in 	this 	complex. 	When 	tmc 
co-ordinates to four equatorial sites of a rhodium(III) 
atom the subsequent disposition of each of the four 
methyl groups, either above or below the co-ordination 
plane, gives rise to sixteen possible arrangements. These 
reduce to the five energetically distinct geometries 
223 shown in Fig. 7.2 
RRSS 	RSRS 	RSRR 	RSSR 	RRRR 
Fig. 7.2:DiagrammatiC representation of the five main 
isomers of [114(Me4[14]aneN4)J 	, (+ and - refer to 
the orientation of the Me groups above and below the plane) 
Original 	reports stated that the RRSS isomer was the 
thermodynamically 	favoured 	isomer 	(since 	this 
configuration minimises the steric interactions between 
the methyl groups) and that the RSRS isomer 	(the 
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conformation 	adopted 	by the free 	ligand), was the 






 and Lincoln 	have demonstrated for 
square panar Ni(II) complexes, that these two isomers can 
readily interconvert in strongly co-ordinating solvents 
such as dmso, via the asymmetric RSRR isomer (Fig. 7.3). 
7.3: 
Scheme for interconversion of Ni 	
isomers of [Ni(Me 4 [14]ane)] 
The 111  n.m.r. spectrum of [RhCl 2 (Me 4 [l4]aneN 4 )] 
shows a single resonance at ô= 2.78ppm attributed to four 
equivalent methyl groups of a symmetric isomer. A further 
four methyl resonances observed at ô= 2.76, 2.75, 2,67 
and 2.51ppm may be assigned to the non-equivalent methyl 
groups of an asymmetric isomer. 13 C DEPT n.m.r. 
spectroscopy is a particularly useful 	technique 	for 
assisting in the elucidation of the structure of this 
complex, 	since 	it readily distinguishes between CH  and 
CH  resonances. 	The 
13
C DEPT n.m.r. 	spectrum of 	the 
isolated product measured in CD 3 CN, likewise reveals the 
presence of 	two 	isomers 	in 	solution 	(Fig. 7.4). 	The 
symmetric isomer shows resonances at ö= 50.69 	(Cl 3 ), 
23.86 (NCH 2 CU 2 ) , 61.52 and 63.10ppm (Cl 2 adjacent to 	N). 
Fourteen further resonances are apparent in the 13 C 
MPAWCE 
n.m.r. spectrum with ö= 47.11. 47.95, 49..87. 53.63ppm for 
the four methyl carbon centres. 	From these data, 	the 
asymmetric 	isomer can be assigned tentatively to the 
species with an RSRR configuration, with three methyl 
groups 	above and one methyl group below the RhN 4 
co-ordination plane, 	or to a solvated species which 
arises from the equilibrium shown in Fig. 7.5. A solvated 
species of this nature would enable inversion at the 
N-function as described by Moore et al 224 
Interconversion 	between 	the RSRS and RRSS isomers 
requires cleavage of the Rh-N bond, 	generating 	a 
tridentate 	Me4 [14]aneN 4 	intermediate with a solvent 
molecule occupying the vacant site, followed by 
N-inversion and chelat.e ring closure to give the RSRR 
asymmetric isomer. This would then have to undergo a 
further •chelate ring opening. and N--inversion at another 
site to complete the interconversion. However, this 
process would be expected to be slow since it involves 
substitution of Cl 	for a solvent molecule in a low--spin 
d 6 system. 	The ratio of the two species present in the 
13 	 - C n.m.r. spectrum appears to be approx i mately 50: 5 0. 
Proposed mechanism for solvation 
	








80 	60 	 40 	 20pprn 
Fig. 7.4: 13 C DEPT n.m.r. spectrum of 
[RhC1 2 (Me 4 {14]aneN 4 )i (CD 3 CN. 50.32MHz) 
It was important to assign a configuration to the 
symmetric isomer which could be either RRSS or RSRS. In 
view of the paucity of structurally characterised Rh(III) 
tetra-aza macrocyclic complexes, a crystallographic study 
was undertaken. 
7.2.2: Single Crystal Structure of 
[RhCl 2 (Me 4 [l4]aneN 4 )]PF 6 
Details of the structure solution are given in 
the Experimental Section. Selected bond lengths are given 
in Table 7.1 and bond angles in Table 7.2. An ORTEP plot 
showing the molecular structure of the cation is 
presented in Figs. 7.6. 
During refinement of the structure significant 
disorder was identified for the cation. This was modelled 
successfully to give two conformations of the macrocycle 
in a ratio of approximately 2:1. The disorder is thought 
to arise due to either the presence of two different 
isomers or partial rotation of the cations within the 
crystal lattice. The discussion below refers exclusively 
to the major component of that disorder. 
The 	X-ray 	structure 	reveals 	four 
[RhCl 2 (Me 4 {l4]aneN 4 )] 	cations and four PP 6 anions per 
unit cell, each of which is bisected by a 
crystallographically imposed mirror plane. The cation, 
therefore, exhibits ni symmetry with the mirror plane 
passing through the Rh and Cl atoms and through the 
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central carbon atom of the propyl chains in each of the 
six-membered 	chelate 	rings. Octahedral geometry is 
achieved for the Rh(III) 	ion by co-ordination 	to 	two 
mutually trans Cl 	ligands and to a square planar 
arrangement of the four N-donors of the macrocycle, 
0 
[Rh-Cl= 2.355(3), 	2.362(3), 	Rh-N= 2.110(8), 2.114(8)4]. 
The preference for Me4[14]aneN4 complexes to 	adopt 
transoid 	configurations 	has 	been 	confirmed 	from 
structural studies on 
trans-{RuX 2 (Me 4 [14]aneN 4 )] 	(X= 	Cl, 	NCO. 	or 	NCS) 
226, 




trans-[Os(0) (Me 4 1 14 laneN4 
)1 2+/+ 210,230 
 
The 	structure 	shows that {RhC1 2 (Me 4 [141aneN 4 )] 
adopts an RRSS configuration with two methyl groups above 
and two methyl groups below the RhN 4 co-ordination plane. 
0 
The Rh atom is displaced by only 0.017A out of the N 4 
plane, 	confirming that the top and bottom faces of the 
complex-cation 	appear 	almost 	identical 	to 	the 
co-ordinated 	Rh 	atom. 	This 	contrasts 	with 	the 
0 
significantly larger displacement of 0.0824 for the 
Pd(1I) 	atom above the N 4 plane in the RSRS isomer of 
[Pd(Me 4 [l4]aneN 4 )] 2 	
231, 
 where all 	four 	methyl 	groups 
lie on 	the opposite 	side of 	the plane. Calculations 
indicate that the cavity size of the 	co-ordinated 
macrocycle 	 in 	 trans-[RhC1 2 (Me 4 [14]aneN 4 )] 
[N(1)-N(4)=2.905(11), 	N(l)-N(1')=3.146(11) 	and 
0 
N(4)-N(4')= 2.983(11)A] 	is 	slightly larger than that of 
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[Pd (Me 4 { 14]aneN 4  ) ] 2+ 	
[N(l)-N(4)= 2.968(15), 
0 
N(1)-N(1')= 2.860(16) 	and 
	
N(4)-N(4')= 2.946(17)A} 
presumably representing the 
	
different 	conformations 
adopted by the two complexes. 
1+ 
fjg.7.6:VieW of the single crystal 
structure of [RhC1 2 (Me 4 [l 4 IafleN 4 )I 
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Single Crystal Structure of 
[RhC1 2 (Me 4 [14]aneN 4 )]PF 6 
0 
Table 7.1: Selected Bond Lengths(A) with e.s.d.'s 
Rh(1) -C1(l) 	2.355(3) 	Rh(1) -C1(2) 	2.362(3) 
Rh(l) - 	N(l) 	2.110(8) 	Rh(l) - 	N(4) 	2.114(8) 
Table 7.2: Selected Angles( °) with e.s.d.'s 
Rh(l)- 	N(4)- C(3) 105.1(6) Rh(l)-N(l)-C(2) 101.6(6) 
Rh(1)-N(4)- C(5) 107.2(7) Rh(J)- N(l)-C(14) 109.4(6) 
Rh(l)-N(4)- C(4N) 124.7(9) Rh(1)- N(1)-C(1N) 119.8(8) 
Rh(1)-N(4)-C(3') 105.3(7) Rh(1)--N(1)-C(2') 100.1(7) 
Rh(1)-N(4)-C(5') 108.9(10) Rh(1)-N(1)-C(14') 116.0(9) 
Rh(1)-N(4)-C(4N') 114.0(10) Rh(i)-N(1)-C(1N') 111.8(9) 
Cl (1) -Rh( 1) -C 1(2) 178.04(11) Cl (1)-Rh (1) -N( 1) 88.78(23) 
Cl(1)-Rh(l)-N(4) 90.33(22)C1(2)-Rh(1)-N(1) 89.91(23) 
C1(2)-Rh(1)-N(4) 91.05(22) N(1)-Rh(1)-N(4) 86.9(3) 
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Strain-energy minimisation analyses have been 
performed by Hambley 
223 
 on a series of 4-, 5-, and 6-
co-ordinate Ni(II) complexes incorporating Me 4 [l4laneN 4 . 
The results from this study indicate that 
four-co-ordinate square planar complexes have a strong 
preference for the RSRS configuration, whereas 
six-co-ordinate octahedral complexes exhibit a strong 
preference for the RRSS configuration. The evidence 
accummulated 	from 	crystallographic 	studies 	on 




and 	this 	study 	of 
trans-[RhC1 2 (Me 4 [14]aneN 4 )] 	is 	consistent with these 
calculations. 	A 	similar 	RRSS 	configuration 	for 
co-ordinated Me 4 [ 14 ]aneN 4 has been observed for several 
Ni([I) 	 complexes 	 including 
[Ni(Me4[14]aneN4)(0H2)21C12.2H20 234, 
[Ni(Me4[14]aneN4)][CF3SO3j2 234 
{{N.i(Me 4 [l4]aneN 4 )(N 3 )) 2 (-N 3 )] 	235 and 
[Ni(O 2 COMe) 2 (Me 4[14]aneN4)j 236 as 	well 	as 




	Examples 	of 	Ni(II) 	complexes 
adopting 	the 	RSRS 	configuration 	include 







7.3i Electrochemical Study of {RhCl 2 (Me 4 [l4]aneN 4 )] 
The aim of this work was to investigate whether 
Me 4 [14]aneN 4 can stabilise a monomeric Rh(II) complex. 
Trans-[RhC1 2 (Me 4 1l4]aneN 4 )] 	exhibits 	a 
quasi-reversible reduction at E 1/2 = -O.99V vs. Fc/Fc 	in 
MeCN 	(O.1M NBU 4 PF 6 ) at platinum electrodes (Fig. 7.7). 
This process is assigned to a Rh(III)/(II) redox 	couple. 
Cyclic voltammetry confirmed that loss of Cl occurred on 
reduction 	of 	{RhC1 2 (Me 4 [l4]aneN 4 )], 	the 	Cl "° couple 
being observed near +l.OV. A daughter product can also be 
detected near -0.35V. As in the thioether 	systems 
described in Chapter 6, we predict that binding of Cl 	to 
the metal centre would be destabilised on reduction to 
Rh(II), due to the increase in electron-density centred 
on 	the 	metal. 	This 	may 	lead 	to 	formation of 
five-co-ordinate or solvated product(s) which would 
account for the daughter product observed in the cyclic 
voltammogram. This would possibly provide the opportunity 
of utilizing the reduction of [RhCl 2 (Me 4 114IaneN 4 )] to 
generate an electron-rich rhodium centre incorporating a 
vacant co-ordination site for binding and activating 
small molecule substrates such as CO, 0 and alkenes. 
Several attempts have been made to obtain a quantitative 
measurement of this reduction by coulometry. This 
consistently gives n>l electron, and suggests 	that the 
process 	corresponds predominantly to a one-electron 
reduction generating 	a 	Rh(II) 	species. 	However, 	some 
further decomposition or disproportionation also occurs. 
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Controlled potential electrolysis of the complex 
measured in MeCN at a platinum gauze, at -1.1V, 	afforded 
a yellow e.s.r. 	active 	solution. 	The e.s.r. spectrum 
(measured at 77K as an MeCN glass) shows g 1 = 2.110, 
9 2 = 2.015 and g 3 = 1.996 (Fig. 7.8) and is consistent with 
the formation of a paramagnetic Rh(11) species 105.107  
The in situ 	spectroelectrochemist.ry 	of 
[RhCl 2 (Me 4 {l4}aneN 4 )] 	(measured in MeCN, 	0.1M NBu 0 4 PF 6 
at 	248K) 	was 	investigated 	using an 0.T.T.L.E. system 
(Fig. 7.9). Reduction of the Rh(III) precursor at -1.3V 
results in total collapse of the charge-transfer band at 
'max 222nm. This is accompanied by isosbestic growth of 
a new charge-transfer band on the edge of the solvent 
front (A iso = 206, 285nn1). The shift of the band at 222nm 
to higher energy upon increasing the electon-density an 
the metal centre, is confirmation that this corresponds 
to a C1 )Rh charge--transfer transition. This' species 
does not reoxidise at OV, 248K. These results are 
consistent with the reduction being accompanied by loss 
of chloride, and the isosbestic nature of the process 
indicates that chloride loss is rapid relative to the 
time-scale of the experiment. 
Attempts to substitute the Cl 	ligands for PR  
(R= Et, Ph, OMe) and pyridine. by treatment of a solution 
of [RhCl 2 (me 4 [14]aneN 4 )1PF 6 in MeCN with TIPF 6 and PR 3 or 
pyridine were unsuccessful. This may be due to the effect 
of the methyl groups on nitrogen, or the inertness of the 
low-spin d 6 system towards substitution. 
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I 	 I 	 I 
00 -0.5 -1.0 -1.5 -2.OV vsAg/Ag 
Reductive Cyclic voitammogram of 
[RhCJ (Me [14Jane)} 	(MeCN/O.IM NBupF) 
spectrum of product from 
reduction of [RhCi 2 (Me [J4jaflpN)] 
(MeCN/O.1M N8upF, 77K) 
FIZ.7.9:Electronjc spectrum showing reduction of 
[RhC1 (Me 	 14]aneN)J 	(Me(.N/O.IM NBU 4 PF 6 , 248K) 
200 	 300 	 400 - 	- SOOnm 
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7.4: Conclusions 
These results confirm that the 14-membered ring 
tetra-aza macrocycle, 	Me4 [l4]aneN 4 , 	can readily - bind 
Rh(III) 	to 	afford 	{RhCl 2 (Me 4 [14]aneN 4 )] 4 	as 	the 
octahedral 	trans-dichloro 	isomer 	exclusively. 	This 
contrasts 	with 	the 	analogous 	tetrathia 	system, 
[RhCl 2 (Il4]aneS 4 )], which forms only the cis-dichioro 
isomer (Chapter 6) and reflects the difference in size of 
sulphur versus the smaller nitrogen-donor atoms. 
Interestingly, the 	non-methylated analogue, 	[ 1 4]aneN 4 , 
complexes with Rh(III) 	to give a mixture of cis- and 
trans-dichioro isomers depending upon 	the 	reaction 
182-185 
conditions 	 . The RRSS configuration identified for 
the N-Me 	functions 	is 	in accord with predictions from 
molecular mechanics calculations, 	and minimises 	the 
steric interactions between the methyl groups and the Cl 
1 igands. 
The 	electrochemical 	study 	of this complex 
indicates 	that a monomeric 	Rh(IT) 	species 	can 	be 
generated, although chloride loss is still apparent. 
These results show that alkylated tetra-aza macrocycles 




7.5.1: [RhCl 2 (Me 4 [14]aneN 4 )]PF 6 
RhC1 3 .11 2 0 	(150mg, 	0.59mmol) 	was 	treated 
Me 4 [ 14 ]aneN 4 (150mg, 0.59mmol) in dry, refluxing methanol 
(130m1) under N 2 for lh to give a bright orange solution. 
Addition of excess NH4 PF 6 yielded a golden 
microcrystalline 	product 	which 	was 	collected, 
recrysta.11ised 	from 	MeCN 	and 	dried in vacuo 
(Yield: 230mg, 	70%). Mol. wt. 575.3. Elemental analysis: 
found C= 29.0, 	H= 5.65, 	N= 9.71%; 	calculated 	for 
[C 14 H 32 N 4 C1 2 Rh]PF 6 	C= 29.2, 	H= 5.61, 	N= 9.74%. 	F.a.b. 
mass 	spectrum 	(dmf/glycero 	matrix): 	found 
429, 394, 358: calculated for 
10335 { 	Rh 	Cl 2 (Me 4 [l4]aneN 4 )] 	 M= 429, 
[ 103 R 35 h 	Cl(Me 4 [l4]aneN 4 )i. 	 M= 394, 
[ 10 Rh(Me 4 [14]aneN 4 )]" 	 M= 359. 
n.m.r. spectrum (200.13MHZ, CD 3 CN, 293K): 6= 2.78 (s, 
CU 3 , 	1211), 	2.2-3.5ppm (m, 	CH2 ) 	(symmetric 	isomer): 
6=2.76, 2.75, 2.67, 2.51ppm (s, 	 CI-( 3 , 	 1211), 
2.2-3.5ppm (m, CU 2 ) (asymmetric isomer). 
13 
 C DEPT 
spectrum 	(50.32MHz. 	CD3 CN, 	293K): 6= 23.86 (CH 2 CH 2 CH 2 , 
2C) , 50.69 (CU 3 . 4C) , 61.52 (NCH 2 CH 2 CH 2 N, 	4C) , 	63.10ppm 
(NCH 2 CH 2 N, 	4C)(symmetric 	isomer): 8 23.55, 	24.36 
(NCH 2 CI-I 2 CU 2 N, 2C), 47.11, 47.95, 49.87, 53.63 (CH 3 , 	4C), 
55.21, 	56.12, 	60.80, 	60.94. 	62.93 	(two 	overlapping 
resonances), 	63.58, 	64.40ppm 	(NCH 2' 
	8C) 	(asymmetric 
isomer) . 	tJV/vis 	spectrum 	(MeCN) : A max = 222nm 
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max= 39,900M 1 cm 1 ), 	324 (241), 	452 (631). 	I.R. 
spectrum 	(CsI 	disc): 3000w, 2940w, 1450m, 1380m, 1290m, 
1240w, 1200w, 1170m, 1150w, 1110w, 	1050w, 	1030w, 	980w, 
920w, 840vs, 750m, 720w, 555v, 280w cm- 1. 
7.5.2: [RhC1 2 (Me 4 [14] aneN 4 ) I BPh 4 
The BPh 4 	salt was prepared by using NaBPh 4 in 
place 	of 	NH4 PF 6 	in 	the 	above 	preparation. 
Mol. wt. 747.46. 	Elemental 	analysis: 	found 	C= 61.4, 
11= 7.02, 	N= 8.08, 	C1= 9.89%; 	calculated 	for 
[C 10 H 32 C1 2 N 4 Rh](C 24 11 20 B): 	C= 60.9, 	11= 6.99, 	N= 8.48, 
C1= 9.46%. 
1 
 H 	n.m.r. 	spectrum 	(80MHz, 	CD 3 CN, 	298K): 
ô=2.78 	(s, CH 3 , 1211), 2.6-3.3 (m, CH 
2'  20H), 7.2-7.9ppm 
(m, BPh 4 , 20H). 
7.5.3: Single Crystal Structure of 
[RhCl 
2 
 (Me 4 [14] aneN 4 ) ]PF 6 
Recrystailisation of the complex 	from 	MeCN 
yielded orange, 	rhomboid crystals suitable for a single 
crystal X-ray structure determination. 
Crystal Data: 
[C 14 H 32 N 4 C1 2 Rh]PF 6 , 	M= 575.3. 	Orthorhombic, 
space group ?nma 	a= 14.952(4), b= 10.687(3), 
0 	 03 
c= 13.487(4)A, V= 2155A 	(by least-squares refinement on 
diffraction 	angles 	for 	17 	centred 	reflections, 
0 	 -3 2= 0.71073A), Z= 4, D= 1.773gcm 	. 	Crystal 	dimensions 
0.79x0.54x0.46mm, p(Mo-Ka)= 11.09cm 1 , F(000)= 1168. 
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Data Collection and Processing: 
St'de STADI-4 four-circle diffractometer, w/8 mode 
with w scan-width 	 (1.05-0.347tan0) ° 
graphite-monochromated Mo-Ka radiation; 1650 reflections 
measured 	(1.5<0<22.5 0 	, 	h 0—l2, k 015, 1 0—l6) 
giving 1265 with F>6o(F). No significant 	crystal 	decay, 
no absorption correction. 
Structure Analysis and Refinement: 
The Rh position was deduced from a Patterson 
synthesis. Iterative cycles of least-squares refinement 
and difference Fourier syntheses revealed the positions 
of all other non-hydrogen atoms. Anisotropic thermal 
parameters were refined for Rh, Cl, P, F and N. During 
refinement, some disorder of the macrocyclic ligand 
became apparent. This could only be modelled successfully 
by refining the minor component as an idealised rigid 
group, and, for the major component, constraining all C-C 
0 
and C-N bonds to be a common value of 1.523(10)A. and all 
macrocyclic angles to be tetrahedral. The sum of the site 
occupancies for the two components were always equal to 
one. The discussion of the structure refers to the major 
component (66.3(13)%) of the disorder. 	We 	believe 	that 
the disorder arises from rotation of one component 
relative 	to 	the 	other 	within 	the 	crystal 	lattice, 
however, 	the presence of a minor isomer in the solid 
state cannot be entirely discounted. The weighting scheme 
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w= a 2 (F)+0000811F 2 	gave 	satisfactory 	agreement 
analyses. 	At 	convergance, R, R= 0.0715 	and 0.1153 
respectively, S= 1.369 for 	126 	independent parameters, 
and the final difference Fourier synthesis showed no 
O-3 
feature above 1.26 or below -0.74eA 
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CHAPTER 8 




Macrocycli.c 	ligands incorporating recognition 
sites capable of binding both hard and soft metal guest 
ions are of considerable current interest, since they may 
facilitate electron-transfer studies and serve as models 
238 of relevance to biological redox processes 	. They may 
also provide effective systems with which to monitor 
alkali metal concentrations in solution, 	due to the 
allosteric 	effect 	of binding two metals 	in close 
239,240 proximity 	to 	each 	other 	 . 	The 	mixed 
polythia--oxa-donor 	macrocycle, 	[15]aneS 2 0 3 	has the 
potential to bind soft transition metal 	ions via the 
sulphur-donor atoms, and hard alkali metal ions or polar 
organic substrates via the oxygen-donor atoms. 	This 
Chapter describes the co-ordination chemistry of 
[15laneS 2 0 3 with platinum metal ions and preliminary 
investigations on the binding of alkali metal ions to the 
crown ether receptor sites. As an introduction, a 
discussion of the synthesis of mixed thia-oxa macrocyclic 
ligands is included, as well as a brief outline of some 
related literature. 
Ligand Synthesis 
The synthesis of a series of mixed polythia-oxa 
macrocycles 	has 	been 	reported 	by 	Bradshaw 	and 
co-workers 241 
	
The 	general 	procedure 	involves a 
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high-dilution 	cyclisation 	of 	the 	appropriate 
oligoethylene glycol dichloride with ethane-1,2-dithiol 
(Fig. 8.1). Other mixed thia-oxa macrocycles 
incorporating varying numbers of sulphur and oxygen atoms 
241-243 




- NaOH > 
-5H 	CL 	EtOH ',j 
Fig. 8.l:Synthesis of mixed 5- and 0-donor macrocycles 
The single crystal structure of 15]aneS203 244 
shows the sulphur atoms to be exodentate, with an S-C--C--S 
torsion angle of -166.8(3) ° , i.e. anti, placing the two 
sulphur atoms about 4.5A apart. 
Since 	the 	discovery 	of 	crown 	ethers by 
246 
Pederson 245, 
	, the selectivity of these systems and 
their derivatives 	for specific alkali metal cations has 
247,248 
received an enormous amount of attention 	 . 	Izatt 
and co-workers have demonstrated that partial 
substitution of oxygen-donor atoms for sulphur changes 
the cation selectivity pattern 
249 
 Thus the stability of 
alkali and alkaline earth complexes decreases, while the 
affinity o.f the macrocycle for Ag and Hg 2 is enhanced. 
The only examples of transition metal complexes 
incorporating 	[15]aneS 2 0 3 	are 	those 	of the type 
[MCI(arene)([15]aneS 2 0 3 )1, 	(M= Ru, Os), 	 and 
-294- 
[MC1(C 5 Me 5 )([l5]aneS 2 O 3 )], 	(M'= Rh, Ir), 	prepared 	by  
treatment of [15]aneS 2 0 3 with the appropriate dimeric 
chioro-bridged 	precursor 
150
. 	The 	single 	crystal 
structure 	of 	[RuCl(p-cymene)((15janeS 2 0 3 )] 	shows 	the 
Ru(II) 	ion bound symmetrically 	to 	the two adjacent 
macrocyclic thioether-donors, with a chloride ion and the 
p-cymene 	ligand 	completing 	the 	octahedral 
stereochemistry, 	 [Ru-S(1)= 2.3810(11). 
0 
Ru-S(4)= 2.3773(11)AJ. 	The 	oxygen-donor 	atoms 	are 
oriented away from the metal centre and do not interact. 
Consequently, these are available for binding to alkali 
metal 	ions. 	The 	single 	crystal 	structure 	of 
[RhCl(C 5 Me...)([15]aneS 2 O 3 )] 	exhibits 	a 	very 	similar 
stereochemistry, 	with Rh(III) bound octahedrally to two 
macrocycjic thioether-donor atoms, one Cl 	ion and the 
0 
C 5 Me 5 	 ring, [Rh-S(1)=2.3722(13), Rh-S(4)=2.3594(12)A], 
(Fig. 8.2). 	 + 
Fi.8.2: 
Single crystal structure of 
[RhC 1 (CMe)([ 15 ]aneS 2 0 3 H 
Few examples of transition 	metal 	complexes 
incorporating related macrocycles have been reported. The 
single crystal structure of [PdC1 2 (L)], (1), shows Pd(II) 
bound to a square planar arrangement of the two 
thia-donors 	and 	mutually 	cis--dichloro 	ligarids, 
0 
[Pd-S= 2.303(2), 	Pd-Cl= 2.314(2)A]. 	The 	bidentate 
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co-ordination of the macrocycle via its two remote 
sulphur-donors necessitates that it adopts a folded 
conformation. Thus, the oxygen atom lone-pairs are 
directed away from the central metal 250 
(1) 
The multi-site receptor Schiff base bis(crown 
ether), (2) 
251,  in the absence of transition metal ions, 
binds 	via two co-facial benzo-15-crown-5 units with 
the 	formation of an intermolecular sandwich., to give a 
1:1 ligand:K stoicheiometry. Addition of Ag 
+
however, 
generates a tetrahedral complex with Ag(I) co-ordinated 
to two thioether-donor atoms and two 	Schiff 	base 
functions. Addition of K 	to this complex affords a 1:1:2 
Ag:ligand:K 	stoicheiometry (3). This ligand, (2), also 
forms a tetragonal complex with Cu2+,  and this gives a 
1:1:1 	Cu 2 :Iigand 1 :K 	ratio. 	Thus, 	the 	presence of a 
transition metal imposes some conformational rigidity, 
and this determines the type of complex formed. More 
recently, Beer and co-workers have reported a catenate 
complex incorporating (4), with Cu(I) bound to the two 
bipyridal units of two interlocking ligands. Ring closure 
is achieved in this system by complexation of K at the 














Another macrocyclic ].igand has been shown to bind 
Ni(II) via the Schiff base and Ba(1I) via the crown ether 
receptor sites, to give the complex-cation, (5) 253  
72+ 
(5) 
Co-ordination of transition metal fragments (e.g. 
ZnC1 2 , HgC1 2 , PdC1 2 , W(CO) 4 ) to the nitrogen atoms of 
(6), enforces planarity on the bipyridyl unit 254 . Rebek 
and co-workers have shown that this distorts the crown 
ether ring so that only four of the five oxa-donors can 
direct their lone-pairs into the macrocyclic cavity, and 
this markedly diminishes subsequent binding of alkali 
255 
metal 	ions 	. The allosteric properties of this ligand 
are apparent from the observation that in the absence of 
a transition metal fragment this ligand transports Na 4 
ions in preference to K 4 , whereas binding tungsten at the 
bipyridyl function reverses this preference 256 
(6) 
8.2: Results and Discussion 
The objective of this work was to synthesise a 
series of platinum metal complexes incorporating 
[15]aneS 2 0 3 . Particular interest lay in the elucidation 
of the structures adopted by these systems, and the 
conformation of the co-ordinated macrocycle. 
Subsequently, and assessment of the possibility of 
binding alkali metal ions to the crown ether functions is 
d i s c u ss e d. 
The macrocyclic ligand, [151aneS203, was prepared 
241 by the method of Bradshaw and co-workers 	, and the 
resulting white crystalline product was fully 
characterised prior to use. Details of this synthesis are 
given in the Experimental Section. 
8.2.1: Palladium 
Treatment of PdC1 2 with one molar equivalent of 
[15IaneS 2 0 3 in refluxing MeOH/H 2 0 afforded a bright 
yellow solution. Evaporation of the solvent and 
recrystallisation from MeCN gave the product as an orange 
crystalline solid. 
The f.a.b. 	mass spectrum of the product shows a 
molecular ion peak with the correct isotopic distribution 
at 	357, corresponding to [ 106 Pd([151aneS 2 O 3 -H)]. The 
n.m.r. spectrum shows a complex second order multiplet 
in 	the 	region ô= 2.28-4.18ppm, 	while 13 C 	DEPT 	n.m.r. 
spectroscopy 	shows 	five 	distinct methylene carbon 
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resonances at â= 71.07, 70.33, 69.38 	all CH 2 1 s 	adjacent 
to 0), 37.64 and 35.73ppm (CH 2 ts adjacent to S). The 
JV/vis spectrum of the product reveals absorption bands 
at A max = 394nm ( max = 975M 1 cm 1 ) and 262 (8,820). The 
magnitude of these extinction coefficients suggest 	that 
the 	former 	corresponds to a d-d transition in a 
cis-dichioro complex, while the latter corresponds 	to a 
S—Pd 	or Cl—Pd charge-transfer transition. This, 
together with microanalytical and 	I.R. 	spectroscopic 
data, confirms the product as cis - [PdCl 2 ([l5aneS 2 0 3 .)1. 
We were particularly interested to investigate 
the ability of this macrocyc].e to function as a receptor 
for both hard and soft metal ions. We proposed that 
binding an alkali metal ion would require more ether 
functions, and therefore undertook the synthesis of the 
bis-complex. [Pd([1 5 ]aneS 2 0 3 ) 2 } 2 . 
Treatment of PdCl 2 with two molar equivalents of 
[15]aneS 2 0 3 in refluxing MeOH/H 2 0 afforded a bright 
yellow solution. Addition of excess NE{ 4 PF 6 gave a yellow 
precipitate which was recrystallised from MeJ0 2 . The 




NH 4 PF 6 with NaBPh 4 in the above preparation. However, 
recrystallisation of this salt from Me 2 CO, MeCN, MeNO 2 or 
dmso resulted in rapid decomposition, giving a black 
material which could not be characterised. This occurred 
for all BPh 4 salts incorporating this macrocycle. 
The f.a.b. mass spectrum of the 	product 	reveals 
molecular 	ion 	peaks 	with 	the 	correct 	isotopic 
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distributions at M 	61() and 358, 	corresponding 	to 
[ 106 Pd([15]aneS 2 0 3 ) 2 ] 	and 	[ 106Pd([15]aneS 2 O 3 )r 
respectively. 	The 
1 
 H n.m.r. 	spectrum of 	the complex 
exhibits 	a second order ABCD pattern at ö= 3.33-3.98ppm. 
The 13 C DEPT n.m.r. spectrum shows methylene carbon 
resonances 	at ô= 69.99, 68.84, 68.15 (all CH 2 1 s adjacent 
to 0) and 37.11ppm (two overlapping resonances due 	to 
CH 2 1 s adjacent to S), indicating that the two macrocycles 
adopt the same conformation in solution. This, combined 
with microanalytical, I.R. and UV/vis spectral data, 
confirms the formulation {Pd([ 15 ]aneS 2 0 3 ) 2 ](PF 6 ) 2 . In 
order to elucidate the stereochemistry around the Pd ion. 
and to determine the conformation of the complex, a 
single 	crystal 	X-ray 	structural determination was 
undertaken. 
8.2.2: Single Crystal Structure of 
[Pd([ 15 ]aneS 2 0 3 ) 2 ](PF 6 ) 2 
Details of the structure solution and refinement 
are given in the Experimental Section. Tables of relevant 
bond lengths, angles and torsions are given in Tables 
8. 1, 8.2 and 8.3 respectively. Two ORTEP plots revealing 
the geometry of the cation are presented in Figs; 8.3 and 
8.4. 
The single crystal structure of the complex shows 
the Pd(II) ion sitting on a crystallographic inversion 
centre, and bound to a precisely co-planar arrangement of 
the four macrocyclic thioether-donor atoms, 
0 
[Pd-S(1)= 2.3149(10). 	Pd-S(4)= 2.3017(10)Ai, 	with 	the 
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angles around the Pd(II) ion being very close 	to 900. 
Notably all of the oxygen-donor atoms are directed away 
from the central metal ion and do not interact. The donor 
atoms of the two rnacrocycles form a near planar 
arrangement, but the methylene carbons make the overall 
conformation rather twisted. Furthermore, the 
conformation of the co-ordinated macrocycle in this 
complex is almost identical to that found for 
[MCI(arene)([15]aneS 2 0 3 )] 4 , ( M= Ir, Ru) 150 . 
-302- 
12+ 
Fig.8.3:VieW of the single crystal 	2+ 
structure of 	Pd([15]aneS 2 0 3 )2] 
12+ 
g4:Alternative view of the single 	
2+ crystal structure of [Pd([15]aneS 2 0 3 ) 2 j 
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Single Crystal Structure of 
{Pd([15]aneS 2 0 3 ) 2 ](PF 6 ) 2 
0 
Table 8.1: Selected Bond Lengths(A) with e.s.d.ts 
Pd(l) -S(l) 2.3149(10) 0(7) -C(8) 1.417(6) 
Pd(l) -S(4) 2.3017(10) C(8) -C(9) 1.492(7) 
5(1) -C(2) 1.818(4) C(9) -0(10) 1.403(6) 
S(l) -C(15) 1.819( 5) 0(10) -C(11) 1.418( 6) 
C(2) -C(3) 1.507(5) C(11) -C(12) 1.478(7) 
C(3) - 	 S(4) 1.813( 4) C(12) -0(13) 1.441( 6) 
S(4) - 	 C(5) 1.821( 4) 0(13) --C(14) 1.413( 5) 
C(S) -C(6) 1.502(7) C(14) -C(lS) 1.522(6) 
C(6) - 	 0(7) 1.406( 6) 
Table 8.2: Selected Angles( °) with e.s.d.'s 
S(1)-Pd(1) -S(4) 89.78(4) 
Pd(1)-S(1)  101.99(13) 
Pd(1)-S(l) -C(15) 108.40(15) 
C(2)- S(1) -C(15) 102.48(19) 
S(1)-C(2)  108.7(3) 
 C(3) - 	 S(4) 112.3( 	3) 
Pd(1)-S(4) -C(3) 100.01(13) 
Pd(1)- S(4) - 	 C(5) 103.16(14) 
 S(4) - 	 C(5) 104.81(19) 
S(4)- C(S) - 	 C(6) 110.9( 	3) 
C(S) - C(6) 
C ( 6 ) - 0(7) 
0(7) - C(8) 
C(8) - C(9) 



























Table 8.3: Selected Torsion Angles( 0 ) with e.s.d. s 
C(15) - 	 S(l) - 	 C(2) - 	 C(3) -153.4( 3) 
0(7) - 	 C(8) - 	 C(9) -0(10) -72.9( 5) 
C(2) -S(l) -C(15) -C(14) -71.0(3) 
C(8) - 	 C(9) -0(10) -C(11) -171.1( 4) 
S(l) - 	 C(2) - 	 C(3) - 	 S(4) 60.1( 3) 
C(9) -0(10) -c(11) -C(12) -171.7( 4) 
C(2) - 	 C(3) - 	 S(4) - 	 C(S) 61.1( 3) 
0(10) -C(11) -C(12) -0(13) 77.4(. 5) 
C(3) - 	 S(4) - 	 C(S) - 	 C(6) 61.0( 3) 
C(11) -C(12) -0(13) -C(14) -1563( 4) 
S(4) - 	 C(S) - 	 C(6) - 	 0(7) -76.7( 4) 
	
C(12) -0(13) -C(14) -C(15) 	87.3(4) 
C(S) - C(6) - 0(7) - C(8) -109.8( 4) 
0(13) -C(14) -C(15) - S(1). 	69.5( 4) 
C(6) - 0(7) - C(8) - C(9) 	152.3( 4) 
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8.2.3: Platinum 
The 	analogous 	Pt(II)-mono(macrocyc1e) 	and 
-bis(macrocycle) 	complexes, 	[PtCl 2 ([15]aneS 2 O 3 )} 	and 
2+ 
{Pt([15]aneS 2 0 3 ) 2 ] 	. 	were 	prepared successfully by 
similar methods to the Pd(II) systems. 
The f.a.b. mass spectrum of 	[PtC1 2 ([15]aneS 2 O 3 )] 
reveals 	molecular 	ion 	peaks at M+= 483 and .447, 
corresponding to 
1 195 Pt 35 Cl([15]aneS 2 0 3 +H)] 	and 
{ 195 Pt([15]aneS 2 0 3 )] 	respectively. 
The 
I 
 H n.m.r. spectrum of this species exhibits a complex 
multiplet in the range ô= 2.83-4.30ppm due to the 
macrocyclic methylene protons, while the 13 C DEPT n.m.r. 
spectrum shows five methylene carbon resonances 	at 
ô= 70.17. 	69.33,'69.00 (all due to CH 2 1 s adjacent to 0), 
37.57 and 36.86ppm (two different CH 2 s adjacent to S). 
This evidence, together with microanalytical, I.R. and 
UV/v.is spectroscopic data, confirms that the product is 
cis - IPtC1 2 ([1 5 ]aneS 2 0 3 )], ((Pt-Cl)= 330, 310cm'). 
The 	f.a.b. 	mass 	spectrum 	of 
[Pt([15]aneS 2 0 3 ) 2 1(PF 6 ) 2 	exhibits 	molecular 	ion peaks 
with the correct 	isotopic distributions at M= 699 and 
446, corresponding to 
[ 195 Pt([15]aneS 2 0 3 ) 2 ] 	and 
{ 19 Pt([15]aneS 2 0 3 -H)1 	respectively. 
The 
1 
 ff n.m.r. spectrum, [m, ô= 3.2-4.2ppm], and ' 3 C 	DEPT 
n.m.r. 	spectrum of this complex. [ô= 70,17, 69.33, 69.00 
(0CH 2 ), 37.57 and 36.86ppm (SCH 2 )i 	are 	consistent with 
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this 	assignment. 	This 	evidence, 	together 	with 
microanalytical, I.R. and UV/vis spectral data, confirms 
the formulation [Pt([15]aneS 2 0 3 ) 2 ](pF 6 ) 2 . Furthermore, it 
is likely that the cation adopts a very similar structure 
to its Pd(II) analogue, with square planar co-ordination 
of Pt(II) to the four sulphur-donor atoms, with the 
0-donor atoms directed away from the central metal and 
not interacting. 
8.2.4: Rhodium 
Treatment of RhC1 3 with two molar equivalents of 
{15]aneS 2 0 3 in refiuxing MeOH gave a bright yellow 
solution. Addition of excess NH 4 PF 6 yielded an orange 
precipitate, which was recrystallised from MeNO 2 giving 
orange crystals. 
The I.R. spectrum of this material shows a single 
peak at 350cni 1 , 	attributed to a Rh-Cl 	stretching 
vibration 	(u(Rh-Cl)), 	suggesting 	a 	trans-dichioro 
complex. F.a.b. mass spectrometry shows molecular 	ion 
peaks at M 	667 and 642. 	The isotopic distributions 
indicate that these correspond to 
	
[ 103 Rh 35 Cl 2 ([15]aneS 2 0 3 ) 2 1 	and 
[ 103 Rh 35 C1( [15]aaeS 2 0 3 ) 2 ] 	respectively. 
The H n.ni.r. spectrum of this complex shows a second 
order multiplet at 6= 2.67-4.30ppm due to the methylene 
protons, and the' 3 C DEPT n.m.r. spectrum shows five 
distinct methylene carbon resonances at ô= 69.55, 69.40, 
67.85 (CH 2 's adjacent to 0), 36.59 and 33.53ppm (CH 2 s 
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adjacent 	to S), consistent with the presence of only one 
isomer in solution, 	in which the macrocyclic 1.igands 
adopt a common conformation. It is likely that this is 
the same as that identified in the 	Pd(II) 	and Pt(II) 
complexes 	discussed above. 	Two absorption bands at 
A max = 435nm 	(s 
max
= 132M 1 cm 1 ) 	and 	283 (32,970) 	are 
apparent in the IJV/vis spectrum of the complex. The 
former corresponds to a d-d transition, and furthermore, 
the magnitude of the extinction coefficient is comparable 
to that measured for trans-[RhC1 2 ([16]aneS 4 )] 4 (Chapter 
6), suggesting a trans-dichioro isomer. All of these 
data, 	as well as microanalyses, are consistent with the 
formulation trans - [RhC 1 2 ([15]aneS 2 O 3 ) 2 ]PF 6 . 
8.2.5: Iridium 
The analogous iridium(III) complex was prepared 
by a similar method to that employed for rhodium(I[I). 
	
The f.a.b. 	mass spectrum of the complex shows 
molecular ion peaks at M= 767, 733, 	696 and 444. 	The 
isotopic distributions based on 193 1r are consistent with 
35 - 	 + 
[Ir 	C 1 2 ([lo]aneS 2 O 3 ) 2 ] 
[1r 35 Cl([15]aneS 2 0 3 ) 2 +H)], 
[Ir([15]aneS 2 0 3 ) 2 - H} 	and 
{Ir({15]aneS 2 0 3 )-H} 	respectively. 
The 
1 
 H n.m.r. [m, 6= 3.3-4.2ppm, Cl 2 ] and 13 C DEPT 
spectra 	[6= 69.68, 	69.54, 	67.57 	(O-CH 2 ). 	35.76 	and 
32.60ppm 	(SCH 2 )] 	both confirm the presence of 	one 
symmetrical 	isomer 	in solution, as identified for each 
0911011-10 
previous [15]aneS 2 0 3 complex. All of these data, together 
with microanalytical, I.R. and UV/vis spectral data, 	are 
consistent 	 with 	 the 	 formulation 
trans - [IrCl 2 ([ 15 ]aneS 2 O 3 ) 2 ]PF 6 . 
8.2.6: Ruthenium 
Treatment of 	RuC1 2 (PPh 3 ) 3 	with 	two 	molar 
equivalents of [15aneS 2 0 3 in refiuxing MeOH yielded a 
yellow solution. Addition of excess NH 4 PF 6 gave a yellow 
precipitate, which was recrystallised from CH 2 C1 2 . 
The f.a.b. mass spectrum of this product exhibits 
molecular 	ion 	peaks 	with 	the 	correct 	isotopic 
distributions based on 
101 
 Ru and 
35 
 Cl, at M + = 1047, 	904. 
650 and 640. These correspond to 
[RuCl(PPh 3 )(l5ianeS 2 0 3 ) 2 PF 6 ] 4, 
[RuCl(PPh 3 )([l51aneS 2 O 3 ) 2 +2H, 
[RuCl(PPh 3 )([l 5 aneS 2 0 3 )} 	and 
[RuC1( [15]aneS 2 0 3 ) 2 ] 	respectively. 
The 
1  H n.m.r. spectrum of this species shows a muitiplet 
at ö= 7.3-8.Oppm corresponding to the aromatic protons of 
PPh 3 . 	A further complex multipiet 	is 	evident 	at 
ô= 2.0-4.3ppni due to the macrocyclic protons. A 1:2 
PPh 3 :[15]aneS 2 O 3 stoichelometry is observed. The 13 C DEPT 
n.m.r. spectrum shows, in addition to a series of CH 
resonances at around 130ppm (due to the phenyl rings), 
five distinct macrocyclic methylene carbon resonances at 
6= 69.35, 68.55. 68.41 (OCH 2 ), 32.08 and 30.84ppm (SCH 2 ). 
This evidence, together with microanalytical and I.R. 
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spectral- data, enabled 	formulation of 	the complex as 
[RuCI(PPh 3 )([ 15 ]aneS 2 0 3 ) 2 ]PF 6 . 	Only one isomer exists in 
solution, 	and 	the 	two 	macrocyclic 	ligands 	are 
symmetrical, adopting the same conformation. 
Recently it has been shown that the binding of 
Li to aza-15-crown-5 linked ferrocene, (7), results in a 
shift in the ferrocene oxidation wave to more positive 
potentials 
257
. Also, Green and co-workers have 
demonstrated that addition of Na, K or L1 to the 
tungsten(IV) complex, (8), results in significant changes 
in both the E 1/2 values and the peak separations 258 
This is attributed to binding of the alkali metal ions to 
the crown ether ligands. Thus, having prepared a series 
of platinum metal complexes incorporating {15JaneS 2 0 3 we 
were interested to determine whether the crown ether 
units would bind alkali metal cations, and, if so, 
whether this would have any effect upon the redox 
characteristics of the complex. Initially therefore, an 
electrochemical study of the bis(macrocycle) complexes 
was undertaken. 
13+ 




Cyclic 	voltammetry 	of 	[Pd([15}aneS 2 0 3 ) 2 ](PF 6 ) 2 
measured in MeCN (0.lM NBUn4PF6 supporting electrolyte) 
at platinum electrodes shows two irreversible reductions 
at E pc = -0.75 and 1.20V vs. Fc/Fc 4 	(at a scan-rate of 
200mVs 1 . 	No oxidative activity is observed within the 
range of the solvent (0 to +2.OV). These results suggest 
that this complex would not be particularly useful to 
monitor the binding of alkali metal ions since E 
PC 
 varies 
considerably with both temperature and scan-rate. 
Cyclic 	 voltammetry 	 of 
[RuCl(PPh 3 )([15]aneS 2 O 3 ) 2 ]PF 6 	under 	similar 	conditions 
shows a fully reversible 	oxidation at 	E 1/2 = +0.85V vs.. 
Fc/Fc (AE= 8OmV at a scan-rate of 180mVs 1 ), assigned 
to a Ru(II)/(III) redox couple. This system may therefore 
be better suited for monitoring any shifts'in E 1/2 upon 
addition of alkali metal ions. However, no peak shift was 
observed on addition of Na ions. 
In order to assess whether [15laneS 2 0 3 would bind 
alkali 	metal 	ions, 	an n.m.r. study was undertaken. 13  C 
DEPT n.m.r. spectra of [15]aneS 2 0 3 	in the 	presence of 
differing quantities 	of Na 	(varying from 0.2 to 2.2 
equivalents) were recorded, 	and compared with 	free 
(15]aneS 2 0 3 . No significant shifts in the positions of 
the resonances were apparent. Thus it was concluded that 
[15]aneS 2 0 3 does not bind Na. The reason may be that 
this particular macrocycle incorporates too few oxa-donor 
atoms, and because the two soft thioether-donors will 
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tend to destabilise binding of alkali metal ions. Time 
did not permit investigation of the binding of other 
alkali metal ions or the effect of increasing the 
concentrations. 
Addition of two equivalents of glycine to a 
solution of [Pd({15]aneS203)2](PF6)2 has no effect upon 
the positions of the CH  resonances, suggesting that 
organic substrates do not bind to [15]aneS 2 0 3 , presumably 
for the same reasons. 
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8.3: Conclusions 
These results show that the mixed thia/oxa-donor 
macrocycle, [15]aneS 2 0 3 , co-ordinates readily to a range 
of platinum group metals to give both mono- and 
bis-macrocycl.ic complexes.. In each case 	binding is via 
the two adjacent sulphur-donor atoms, leaving the 
non-interacting oxa-donors directed away from the metal. 
Preliminary attempts to bind alkali metal ions 
via the crown ether functions proved unsuccessful. This 
is attributed to the number of 0-donor atoms being too 
few, as well as incorporation of soft S--donors within the 
macrocyclic ring, which are not optimal for binding hard 
alkali metal ions. It is likely that the larger 
macrocycles [21IaueS205 (9) and [24]aneS 2 0 6 (10) may be 
better suited to accommodate both transition metal and 
alkali metal ions. 
(9) 	 (10) 
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8.4: Experimental 
8.4.1: [15]aneS 2 0 3 
Preparation of 1,11-dichloro-3,6,9-trioxaundecane 259 
Tetraethylene glycol (0.692mo1) and pyridine 
(1.54mo1) were added to a flask containing benzene 
(550m1). The reaction mixture was heated to reflux, and 
SOd 2 (1.54mo1) was added dropwise over a period of lh. 
Refluxing for a further 16h gave a brown solution and 
precipitate. After cooling, 15m1 conc. HCI diluted with 
50m1 H 
2 
 0 was added dropwise over lOmins. The aqueous 
layer was then removed and the organic layer was dried 
over MgSO 4 . Removal of benzene gave a brown oil which was 
distilled at 96 
0
C/0.4mmHg to afford a light yellow oil 
(Yield: 121.3ml, 76%). Mol. wt. 321.12. Elemental 
analysis: 	found 	C= 41.4, H= 6.98, Cl= 31.4%; c-alculated 
for C 8 11 16 C1 2 0 3 : C=41.6, H=6.98, 	Cl=30.7%. 	E.I. 	mass 
spectrum: 	found 	M 	230; 	calculated for C 8 H 16 C1 2 0 3 
230. 
1 
 H n.m.r. spectrum (80.13MHz, 	(CD 3 ) 2 CO, 	298K): 
5= 3.62 	(s, 	OCH 2 CH 2 O, 	811), 3.73-3.67ppm (m, C1CH 2 CH 2 O, 
8H) 
Cycl.isation 
1,11-Dichloro-3,6,9--trioxaundecane 	 (121g. 
0.524mol) and ethane-1,2-dithiol (49.4g. 0.524mo1) were 
added dropwise, at the same rate, over a period of 6h, 
with stirring, to a refluxing solution of NaO'Fl (44g) in 
dry EtOH (800ml). The resulting mixture was refluxed for 
a further oh.. After cooling, the excess base was 
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neutralised with HC1, and the precipitate filtered. After 
removing the EtOH, the orange oil was extracted with 
3x300ml portions of diethyl ether. The combined ether 
extract was then dried (MgSO 4 ) and the ether removed. The 
resulting orange oil was then distilled via Kugerre at 
147 0C/0.lmmllg to give a pale yellow oil. 
Recrystallisation from 50:50 benzene:hexane afforded the 
product as a white crystalline solid (Yield: 23.4g. 18%). 
Mol. wt. 252.39. Elemental analysis: found C= 47.6, 
11= 8.02, S= 25.1%; calculated 	for 	C 10 H 20 0 3 S 2 ; 	C= 47.6, 
H=7.94, 	S= 25.4%. 	M.Pt.=49-51 ° C. 	E.I. mass spectrum: 
found M= 252; 	calculated for C 10 H 20 0 3 S 2 M= 252. 
n.m.r. spectrum (80.13MHz, CDCI 3 , 298K): ô= 2.72 (t, 
SCH 2 CH 2 O, 4H) , 2.87 (s, SCH 2 CH 2 S, 411), 3 .64  (s, OC11 2 CH 2 0, 
811), 3.75ppm (t, OCH 2 CH 2 S, 411). 1 
3 
 C DEPT n.m.r. spectrum 
(50.32MHz, CDCI 3 , 298K): ô= 72.69, 71.22, 70.09 (3xOCH 2 ), 
33.00, 31.62ppm (2xSCH 2 ). 
8.4.2: [PdC1 2 ([1 5 ]aneS 2 O 3 )] 
Treatment 	of 	PdCJ 2 	(40mg, 	0.226mmo1) 	with 
[15]aneS 2 0 3 	(57mg, 	0.226mmo1) 	in 	refluxing 	?4eOH/H 2 0 
(1:lv.v., 	35ml) for 2h under N 2 afforded a bright yellow 
solution. 	Removal 	of 	solvent 	yielded 	an 	orange 
precipitate 	which 	was 	recrystal.Iised 	from 	EtOH 
(Yield: 97mg. 83%). Mol. wt. 429.69. Elemental 	analysis: 
found 	C= 27.7, 	H= 4.68, 	C1= 16.3%; 	calculated 	for 
[C 10 H 20 C1. 2 0 3 S 2 Pd]: C= 28.0, 	11= 4.69, 	C1= 16.5%. 	F.a.b. 
mass spectrum (3-NOBA matrix): found M= 357. Calculated 
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for 	06 Pd([15]aneS 2 0 3 )] 	M4 = 358. 1 H 	n.m.r. 	spectrum 
13 
(200.13MHz, 	CD 3 CN, 	298K): ô= 2.28-4.18ppm (m, 20H) . 
DEPT n.m.r. spectrum (50.32MHz, 	CD 3 CN, 	298K): ô= 71.07, 
70.33, 	69.38 	(3xOCH 2 ), 37.64, 35.73ppm (2xSCH 2 ). UV/vi.s 
spectrum 	(MeCN): A 
max 
= 394nm 	 (6 
max
= 975M 1 cm 1 ), 
262 (8,820). 	I .R. 	spectrum 	(KBr 	disc): 	3000w, 2920m, 
2860m, 1480w, 1460m, 1440w, 1385m, 1360m, 	1350w, 	1315m, 
1290w, 	1260w, 1250m, 1195w, 1130m, llOSvs, 1080m, 1060w, 
1040w. 1020w, 990m, 940w, 910m, 900m, 870w, 	840m, 	820m. 
790w, 	780w, 	615w, 	560w, 	520w, 	360w, 	340m, 	320m, 
300m cm - 1
.  
§.4.3: 	IPtC1 2 ({15]aneS 2 O 3 )} 
Method as for 8.4.2 using PtC1 2 (29mg, 0.113mmol) 
and 	[15]aneS 2 0 3 	(30mg, 	0.113mmol). 	The 	product 	was 
isolated 	as 	a yellow solid (Yield: 33mg, 56%). Mol. wt. 
518.29. 	Elemental 	analysis: 	found 	C= 22.8, 	H= 3.81, 
C1= 14.1, 	S= 11.9%; 	calculated 	for 	[C 10 H 20 C1 2 0 3 S 2 Pt]: 
C=23.2, 	H=3.89, 	C.1= 13.7, 	S= 12.4%. 	F.a.b. 	mass 
spectrum 	(3-NOBA 	matrix): 	found M= 483 and 447. 
Calculated for 
195 	35 	 ~ 	 •1- 
Pt 	C1([15]aneS 2 0 3 )] M = 482, 
[ 195 Pt([15]aneS 2 0 3 )] 	 M 4 = 447. 
n.m.r. 	spectrum 	(200.13MHz, 	CD 3NO 2 , 	298K): 
3= 2.83-4.30ppm 	(m. 	20H). 1 3 C 	DEPT 	n.m.r. 	spectrum 
(50.32MHz, 	CD3 NO 2 , 	333K): 3= 70.70, 	70.59. 	69.60 





= 778M 1 cm 1 ), 	204 (10,780). 
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I.R. 	spectrum 	(KBr 	disc): 	3000w, 2980w, 2920m, 2860m, 
1480w, 1460m, 1440m, 1385vs, 1360m. 1350w, 1310m, 	1290w, 
1245m, 	1190m, 	1130vs, 	1105vs, 	1080vs, 	1040m, 1020vs, 
985m, 970m, 940m, 910m, 900m, 	870w, 	840m, 	820m, 	790w, 
655w, 	615w, 	560w, 	520m, 	490w, 480w, 450w, 440w, 380w, 
360w, 330m, 310m cm
-1 
8.4.4 	{Pd(15]aneS 2 0 3 ) 2 1(PF 6 ) 2 
PdC1 2 (30mg, 0.I69mmol) was added to a solution 
of [15]aneS 2 0 3 (86mg, 0.338mmo1) in MeOH/H 2 0 (1:lv.v., 
30m1). The reaction mixture was refluxed for 2h under N 2 , 
yielding a bright yellow solution. Addition of excess 
NH 4 PF 6 gave a yellow precipitate which was collected and 
recrystallised from MeNO 2 (Yield: 110mg, 73%). Mol. wt. 
901.09. 	Elemental 	analysis: 	found 	C= 26.4, 	H= 4.43, 
S= 15.2%; calculated for 	[C 20 H 40 0 6 S 4 Pd](PF 6 ) 2 : 	C= 26.7, 
H= 4.47, 	S= 14.3%. F.a.b. mass spectrum (3-NOBA matrix): 
found M= 610 and 358. Calculated for 
[ 106 Pd([15]aneS 2 0 3 ) 2 1 	 M= 610, 
[ 106 Pd([15]aneS 2 0 3 )i 	 M= 358. 
'H n.m.r. 	spectrum 	(200.13MHz, 	(CD 3 ) 2 CO, 	298K): 	ABCD 
pattern, ô= 3.33-3.98ppm 	(m, 	40H). 13 C 	DEPT 	n.m.r. 
spectrum (50.32MHz, CD 3 CN, 298K): 6= 69.99, 68.84, 	68.15 
(3x0CH 2 ), 	37.11ppm 	(SCH 2 , 	two overlapping resonances). 
UV/vis 	 spectrum 	 (MeCN): A 	= 305nm 
max 
(6 max = 32,790M 1 cm 1 ). 	I.R. 	spectrum (KBr disc): 2980w, 
- 
2920m, 2860m, 1470m. 1455m, 1395m. 1365m, 	1300m, 	1260w, 
1200w, 	1180w, 	1120vs, 1090vs, 1040m, 1020w, 965w, 930m, 
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840vs, 780m, 740w, 555vs, 480w cm- 1 
8.4.5: Single Crystal Structure of 
IPd([15]aneS 2 0 3 ) 2 J(PF 6 ) 2 
Orange plates of suitable quality for a single 
crystal X-ray structure determination were obtained by 
vapour diffusion of diethyl ether into a solution of the 
complex in MeCN. 
Crystal Data: 
[C 20 E1 40 0 6 S 4 Pd](PF 6 ) 2 . 	Mol. 	wt. 	901.09. 
Monoclinic, 	 space group P2 /c, a= 10.394(4), 
00 
	 03 
b= 14.003(4), c= 11.675(5)A, j3= 104.22, V= 1647A 	(by 
least-suares refinement on diffraction angles for 25 
0 	 -3 
centred 	reflections, A= 0.71073A), Z= 2, D c = 1.82gcm 
Crystal dimensions 	0.lOxO.75x0.lOmm, 	(Mo-Ka)= 9.07cm 1 
F(000)= 912. 
Data Collection and Processing: 
St5e 	STADI-4 	four-circle diffractometer, o/29 
0 
mode 	 with w scan-width 	 (1.2-4-0.34tanO) 
graphite-monochromated 	Mo-Ka 	radiation: 	2808 unique 
reflections measured (20= 45 ° , h -12-12, k 016, 	1 	0 
-12) 	giving 2402 with F>6a(F). 	No significant crystal 
decay. 
Structure Analysis and Refinement: 
Intensity 	statistics 	strongly 	implied 	the 
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location 	of 	the Pd ion at (1/2,1/2,1/2). This was input 
into DIRDIF which located all other non-H atoms. The 
structure 	was 	developed 	by 	iterative 	cycles of 
least-squares 	refinement 	and 	difference 	Fourier 
synthesis. At isotropic convergence, correction for 
absorption was made using DIFABS (maximum transmission 
factor= 1.290, minimum= 0.875). Anisotropic thermal 
parameters were refined for all non-H atoms. H atoms were 
included at fixed, calculated positions. The weighting 
scheme w 1 = a 2 (F)4-0000187F 2 gave satisfactory agreement 
analyses. At final convergence, R, R w = 0.0394 and 0.0537 
- — 
respectuvely, S= 1.195 	for 205 	independent parameters, 
and the final difference Fourier synthesis showed no 
03 
feature above +0.67 or below -0.51eA 
8.4.6: {Pt([15]aneS203)2](PF6)2 - 
Method 	as 	for 	8.4.4, 	using 	PtC1 2 
(40mg, 0.150mmol) and {15}aneS 2 0 3 (76mg, 0.301mmol). 	The 
product 	was 	isolated 	as 	a 	cream-coloured solid 
(Yield: 74mg, 50%). Mol. wt. 989.69. Elemental 	analysis: 
found 	C= 24.2, 	F{= 4.10, 	S= 13.4%; 	calculated 	for 
[C 20 H 40 0 6 S 4 Pt](PF 6 ) 2 : C= 24.3, H= 4.07, S= 13.0%. 	F.a.b. 
mass spectrum 	(3-NOBA matrix): 	found M= 699 and 446. 
Calculated for 
[ 195 Pt([15] ane S 2 0 3 ) 2 1 	 M= 699, 
{195Pt([15aneS203)1 	 M= 447. 
'H n.m.r. spectrum (80.13MHZ, CD 3 CN, 298K): ö= 3.2-4.2ppm 
(rn, 40F{). 13 C 	DEPT 	n.m.r. 	spectrum 	(50.32MHz, 	CD 3 CN, 
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298K): 8= 70.17, 	69.33, 	69.00 (3xOCH 2 ), 37.57, 36.86ppm 
(SCE! 	). UV/vis spectrum (MeCN): 	A max= 326nm 
158M 1 cm 1 ), 249 	(9,150). I.R. spectrum (KBr 
ma: 
disc): 3020w, 	2920m, 2860w, 	1475m, 1455m, 1415m, 1400iii., 
1365m, 1350w, 	1300m, 1260w. 	1245w, 1195m, 1180w, 	1120vs, 
1090m, 1065w, 	1040m, 1020w, 	965w, 930m, 840vs, 775m, 
740w, 	660w, 610w, 	555vs, 480w 	cm- 1. 
8.4.7: [RhC1 2 ([15]aneS 2 O 3 ) 2 ]PF 6 
RhC1 3 .3H 2 0 	(30mg, 0.114mmol) 	was added to a 
refluxing solution of 	15]aneS 2 0 3 	(57mg, 0.228mmo1) 	in 
MeOH (30m1). The reaction mixture was refluxed for 4h 
under N 2 , yielding a bright yellow solution. Addition of 
excess NH 4 PF 6 gave an orange precipitate which was 
collected and recrystallised from MeNO 2 
(Yield: 85mg, 91%). 	Mo. wt. 823.63. Elemental analysis: 
found C= 28.5, H= 4.84, 	C1= 8.77, 	S= 16.6%; 	calculated 
for 	[C 20 R 40 C1 2 0 6 S 4 Rh]PF 6 : 	C= 29.2, 	H= 4.89, 	Cl= 8.61, 
S= 15.6%. F.a.b. mass 	spectrum 	(3-NOBA 	matrix): 	found 
677 and 642. Calculated for 
{ 103 Rh 35 C1 2 ({l5]aneS 2 0 3 ) 2 ] 	 M= 677, 
[ 103 Rh 35 Cl([ 15 ]aneS 2 0 3 ) 2 ] 	 M= 642. 
'H 	n.m.r. 	spectrum 	(200.13MHz, 	(CD 3 CN, 	298K): 
8= 2.67-4.30ppm 	(m, 	40H). 13 C 	DEPT 	n.m.r. 	spectrum 
(50 .32MHz , CD 3 CN, 298K) : 8= 69.55 , 69.40, 67.85 (3xOCH 2 ) 
38.59, 	33.53ppm 	(2xSCH 2 ). 	UV/vis 	spectrum 	(MeCN): 
A max = 435nm 	(6 max = 132M 1 cm 1 ), 	283 (32,970). 	I.R. 
spectrum 	(KBr 	disc): 3000w, 2900m, 2860m, 1535m, 1460m, 
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1420w, 1400m, 1360m, 1345w, 1290vs, 1240m, 1210w, 	1195m, 
1170m, 1140vs, llOOvs, 1080vs, 1050m, 1020m, 1005w, 935m, 
920m, 895m, 875m, 840vs, 775m. 665m. 555vs, 485m, 470m, 
450w, 350m cm 1 . 
8.4.8: [I rC 1 2 ( [15]aneS 2 O 3 ) 2 ]PF 6 
Method 	as 	for 	8.4.7, 	using 	IrCl 3 .3H 2 0 
(75mg, 0.213mmol) and [15]aneS 2 0 3 (108mg, 0.425mmol). The 
product 	was 	isolated 	as 	a 	pale 	yellow 	solid 
(Yield: 55mg, 28%). Mol. wt. 912.84. Elemental 	analysis: 
found 	C= 26.0, 	H= 4.27, 	S= 13.2%; 	calculated 	for 
[C 20 H 40 C1 2 0 6 S 4 IrjPF 6 : C= 26.3, H= 4.42, S= 14.0%. 	F.a.b. 
mass 	spectrum 	(3-NOBA matrix): found 	767, 733, 696 
and 444. Calculated for 
193 	35 	 -1- 
[ 	Jr 	C 1 2 ([15]aneS 2 0 3 ) 2 j 	 M = 767, 
[ 193 Ir 3 C1([15JaneS 2 0 3 ) 2 1 	 M=-732, 
{ 193 Ir({151aneS0)1 	 M= 697, 
[ 193 Ir([ 15 ]aneS 2 0 3 )J 	 M= 445. 
n.m.i'. 	spectrum 	(80.13MHz, 	(CD 3 CN, 	298K): 
5= 3.3-4.2ppm 	(m, 	4011). 1 
3 
 C 	DEPT 	n.m.r. 	spectrum 
(50. 32MHz , CD 3 CN, 298K) : 5= 69.68, 69. 54, 67.67 (3xOCH 2 ) 
35.76, 	32.60ppm 	(2xSCU 2 ). 	UV/vis 	spectrum 	(MeCN): 
A 
max 	 max 
= 236nm 	(e 	= 24,860M 1 cm 1 ). 	I.R. 	spectrum 	(KBr 
disc): 3000w, 2900m, 2860m, 1460m, 1405m, 	1360m., 	1350w, 
1290m, 1240w, 1205w, 1135m, illOm, ilOOm, 1070m, 1050w, 
1015w, 1000w, 935m, 895w, 840vs, 740w, 555vs. 485w, 470w, 
330m, 315m, 300m cm 
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8.4.9: [RuC1(PPh 3 )(115]aneS 2 O 3 ) 2 ]PF 6 
Treatment of RuCl 2 (PPh 3 ) 3 (100mg, 0.104mmol) with 
1i1 5 ]aneS 2 0 3 	(53mg, 0.208mmol.) 	in 	refluxing MeOH (30m1.) 
for 2h afforded a yellow solution. 	Addition of excess 
NH 4 PF 6 gave a yellow precipitate which was recrystallised 
from 	CH2 C1 2 	(Yield: 100mg, 92%). 	Mol. 	wt. 	1021.48. 
Elemental analysis: found C= 44.1, 	H= 5.35 10; 	calculated 
for 	[C 38 H 55 C10 6 PS 4 Ru]PF 6 : C= 44.7, H= 5.43%. F.a.b. mass 
spectrum (3-NOBA matrix).: found M= 1047, 	904, 	6.50 and 
640. Calculated for 
M= 1047, 
[ 	Ru 	Cl(PPh 3 )([15]aneS 2 O 3 ) 2 } 	 M = 902, 
[ 101 Ru 35 Cl(PPh 3 )([15]aneS 2 0 3 )] 	 M= 650, 
[101Ru35C1([15]aneS203)2] 	 M= 640. 
11 n.m.r. spectrum (80.13MHz, (CD 3 NO 2 , 298K): 	ô= 7.3-8.0 
(m, 	Ph, 	15H), 2.0-4.3ppm (m, CH-2' 40H). 13 C DEPT n.m.r. 
spectrum 	(50.32MHz, 	CD 3 NO 2 , 	298K): 6= 134.12, 	133.97, 
133.28, 	133.08, 	132.90, 	129.57, 127.48, 127.34, 127.15 
(CH of 	phenyl 	rings), 	69.35, 	68.55, 	68.41 	(3xOCH 2 ), 
32.08, 	30.84ppm 	(2xSCH 2 ). 	I.R. 	spectrum 	(KBr 	disc): 
3040w, 2920m, 2860m, 1585w, 1570w, 1480m, 	1455w, 	1430m, 
1410m, 	1360m, 	1290m, 1240w, 1190w, 1130m, 1110m, 1090m, 
1000w. 840vs, 750m, 	700vs, 	555vs, 	530vs, 	515r1i., 	505w, 





All solvents were purified according to standard 
procedures 
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 Commercial RuCI 3 , RhC1 3 , IrCl 3 , PdC1 2 , 
PtC1 2 , K 2 [PdCI 4 ] and K 2 [PtC1 4 ] (Johnson Matthey plc) were 
usedas supplied. 
NBu 4 PF 6 	was 	prepared 	from 	40% [NBuT14]OR 
(Aldrich) and 65% HPF 6 (Strem) 	and recrystallised from 
MeOH. 	"Dried, 	distilled" 	grade MeCN (Fisons) was used 
without further purification. 
The ligands:-
1,4,7,l0-tetrathia-7,16--diazacyclooctadecane 
([18]aneN 2 S 4 ) 	(Lancaster Synthesis), 
1,4,7,10-tetrathiacyclododecane, 	 ([121aneS 4 ), 
1,4,8,11-tetrathiacyclotetradecane, 	 ([ 1 4]aneS 4 ), 
1.5,9,'13-tetrathiacyclohexadecane, 	 ([ 16 IaneS 4 ) , 
1,4 .8, 11, 15, 18, 22, 25-octathiacyclooctacosane, ( [28 ]aneS 8 ) 
1,4,7,10,13-pentathiacyclopentadecane, 	([1 5 IaneS 5 ). 
1,4,7,10,13,16-hexathiacyclooctadecane, 	 ({181aneS 6 ) 
(Aldrich) and 
1,4,8,11-tetramethyl-1,4.8,1l-tetraazacyciotetradecane 
(Me 4 fl4JaneN 4 ) 	(Strem) 	were 	used 	as 	supplied. 
1,4-Dithia-7,10,13-trioxacyclopentadecane, 	([15]aneS 2 0 3 ) 
was 	prepared 	by 	the 	method 	of 	Bradshaw 	and 
co-workers 241 
Infra-red spectra (4000-200cm 1 ) were recorded on 




H n.m.r.spectra were measured on Brucker WP80, 
Brucker WP200 and WH360 instruments operating at 
80.13MHz. 200.13MHz and 360.13MHz respectively. 13 C DEPT 
n.m.r. 	spectra were run on a Brucker WP200 or WH360 
operating at 50.32MHz and 90.56MHz respectively. 	Fast 
atom bombardment (f.a.b.) mass spectra were run on a 
Kratos MS 50TC spectrometer using 3-nitrobenzyl alcohol 
(3-NOBA) matrix unless otherwise stated. Electronic 
spectra were run on a Pye-Unican SP8-400 UV/vis or a 
Lambda-9 UV/vis/NIR spectrophotometer using quartz cells. 
Electrochemical measurements were recorded on a 
Brucker 310 	Universal 	Modular 	Polarograph. 	Cyclic 
voltammetric 	studies were undertaken using a three 
electrode potentiostat system 	in 	MeCN 	with 	0.1M 
tetrabutylammonium 	hexafluorophosphate 	(NB u'1 4 PF 6 ) 
supporting 	electrolyte 	(unless 	otherwise 	stated). 
Platinum 	button 	microelectrodes 	were 	employed as 
auxiliary and working electrodes with a Ag/AgCl reference 
electrode, and the test solutions were purged with a 
stream of dry argon gas prior 	to their study. All 
potentials are quoted versus Fc/Fc 	unless otherwise 
stated. 	Controlled potential electrolysis and coulometry 
were carried out in a three-compartment cell, also using 
a three electrode system, with a Pt basket and Pt gauze 
as the respective working and auxiliary electrodes. 
The electrogenerated species were transferred via 
syringe, with rigorous exclusion of air, 	to pre-cooled 
e.s.r. 	tubes, 	which were 	then 	closed with a tap. The 
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transferred solutions were immediately frozen 	in liquid 
nitrogen. 
X-band electron spin resonance (e.s.r.) spectra 
were recorded using a 	Brucker ER-2000 	spectrometer 
employing 100KHz 	field modulation. 	All e.s.r. spectra 
were measured as glasses in MeCN at 77K. 
Fast 	scan 	voltammograms 	(>500mVs 1 ) 	were 
monitored using the same electrode configuration as 
employed for cyclic voltammetry, using a Physical Data 
Inc. 	model 512A digital transient store in conjunction 
with a Telequipment model D66A oscilloscope, with 
subsequent playback to a Bryans Gould Series 50,000 X-Y 
recorder. Low temperature studies were carried out in a 
jacketed cell cooled by a Haake F3Q refrigerated 
circulation unit. 
The Optically Transparent Thin Layer Electrode 
(O.T.T.L.E.) cell used for monitoring in situ (JV/vis 
spectra was designed and built in the Department of 
Chemistry, University of Edinburgh, in accordance with 
261 
the original principles of Murray and co-workers 	, and 
consisted of a fine 	Pt 	gauze 	working 	electrode 
(transparency c.a. 409) 	fitted into a standard Infrasil 
quartz, UV/vis/near i.r. cell 	of 	0.05cm 	pathlength. 	A 
quartz extension fitted to the top of the cell functioned 
as a reservoir and contains a Pt wire auxiliary electrode 
and Ag/Ag 	reference electrode, both protected from the 
bulk solution by a porous glass frit. This 	assembly was 
fitted 	into a PTFE 	cell 	block 	(Fig. A). 	Temperature 
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control, monitored by a thermocouple/digital 	thermometer 
was maintained by the passage of dry, pre-cooled nitrogen 
gas around the assembly. 
Solutions of the test species were purged with 
dry N 2 gas and then electrolysed at the Pt minigrid 
working electrode of the 0.T.T.L.E. cell which was placed 
directly in the beam of the Lambda-9 UV/vis/NIR 
spectrophotometer. The progress of the electrolysis was 
monitored both spectroscopically and by decay of the 
current to a constant residual value. The potential was 
then reversed to monitor regeneration of the precursor 
solution to ensure that the process was chemically 
revrsibl.e and to confirm that decomposition was minimal. 
Key_to F Ig.A: 
Counter electrode 
Reference electrode 
Working electrode connection protected from bulk 
solution by PTFE sleeve 
PTFE cell cap 
Test solution, deoxygenated with N 2 
0.05cm Infrasil Quartz cell containing Pt grid working 
electrode 
Pt grid working electrode 
PTFE cell block 
Variable temperature N 2 inlet ports 
Dry N 2 inlet ports 
Infrasil Quartz cell block windows 
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Stereochemical and Redox Properties of Palladium Complexes 
of 1,4,10,13-Tetrathia-7,16-diazacyclo-octadecane 
Gillian Reid, Alexander J. Blake, Timothy I. Hyde, and Martin Sch röder* 
Department of Chemistry, University of Edinburgh, West Mains Road, Edinburgh EH9 3JJ, Scotland 
The square planar S 4 donor complex [Pd(Ll)]2+ (L 1 = 7,16-dimethyl-1,4,10,13-tetrathia-7,16-diazacyclo-
octadecane) shows a reversible Pd" redox couple at E —0.74 V vs. Fc/Fc -'- ; in contrast, the complex 
[Pd(L2 )] 2 + (1-2 = 1,4,10,1 3-tetrathia-7,1 6-diazacyclo-octadecane) shows distorted octahedral N 2S2 + S2 co-ordination, 
and a reversible Pd" couple at E +0.57 V vs. Fc/Fc (ferrocene/ferrocinium). 
Reprinted from the Journal of The Chemical Society 
Chemical Communications 1988 	- 	- - 
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tuted HN-donors; space-filling models of [Pd(LI)] 2 * indicate 
that meridional binding of L' is inhibited due to the greater 
steric bulk of the NMe groups. 
The stereochemical differences between these complexes 
are, also reflected in their redox properties. Cyclic voltam-
metry of [Pd(LI)]2*  in MeCN (0.1 M Bu3NPF6) at platinum 
electrodes shows a reversible reduction at -0.74 V i's. Fc;'Fc" 
(Fc/Fc = ferrocene/ferrocinium). 72 mV at a scan rate 
of 100 mV s'. Coulometrv confirms the reduction to be a 
one-electron process. The e.s.r. spectrum (77 K. MeCN glass) 
of the reduced product. generated by controlled potential 
electrolysis at -0.90 V in MeCN at a Pt gauze. is anisotropic 
(g 2.155. g j. 2.049) with hyperfine coupling to '°-! Pd (I = 5 12. 
22.2%) with A 48 and A_ 34 G (Figure 3). consistent with the 
formation of a mononuclear d 9 palladium(i) species. 5 Elec-
trochemical conversion of [Pd(Li)]2- P-,av 373 nm (€ma 
2175 mol' dm 3 cm 1 ). 298(14460). 232(15070)] to [Pd(L')] -
Rmax. 345 nm (ma. 2100 mol' dm cm'. sh.). 289(8700). 
236(10300)1 occurs reversibly and isosbestically ( 275.225 
nm). The related homoleptic thioether Pd" complexes. 
[Pd(L)] - (L = L'—L) and [Pd(L)] show irreversible 
reductions at E -0.73 -0.875 V i's. Fc Fc - in MeCN at 
293 K. although more reversible couples are observed for 
[Pd(L 5 )1 2 - and [Pd(L 6 ) 2 ] at reduced temperatures (23' , K). 
Most importantly. [Pd(L')] is the only thioether complex we 
have studied which shows a reversible Pd" ' couple at 293 K. 
This couple occurs at a particularly anodic potential compared 
to the tetra-aza analogues [Pd(Li - (E; -1.27 V) and 
[Pd(Ls)] (-1.53 V vs. Fc.Fc - ).O These differences may he 
ascribed to the greater 'r-aciditv of thioether donors, and to 
the ability of the larger and more flexible ring system of L' to 
accommodate the large Pd' centre. In contrast, the tetra-aza 
complexes afford more reactive and transient paramagnetic 
Figure 1. View of the structure of the [Pd(LJ)] 2 ' cation showing the 
numbering scheme adopted. 
Figure 2. View of the structure of the [Pd(L2)12' cation showing the 
numbering scheme adopted. 
species. with significant de-metallation occurring over a 
period of time. Sauvage and co-workers have shown 8 that 
tetrahedral catenand ligands stabilise d 9 Ni' centres, and 
therefore, it seems likely that L' undergoes a tetrahedral 
distortion in the reduced complex [Pd(L')]t 
In contrast to [Pd(LI)] 2 -, [Pd(L 2 )1 2-  shows a chemically 
reversible oxidation at E4 +0.57 V i's. Fc!'Fct AEP 195 mV at 
a scan rate of 150 mV s-1. indicative of a large stereochemical 
change occurring at the metal centre on oxidation. A totally 
irreversible reduction is observed at E -1.03 V at 293 K. 
Coulometrv confirms the oxidation to be a one-electron 
process to form a bright red paramagnetic species which shows 
an anisotropic e.s.r. spectrum (77 K. MeCN: g, 2.064. g. 
2.052. g- 2.019) (Figure 4). assi gned to the formation of a 
mononuclear d 7 palladium(i,,) species. 91 " Electrochemical 
conversion of [Pd(L)] j?,., 514 nm (E.ax .  124 mol' 
cm - 1 ). 332 (4250). 266 (10000). 233 (10 8_50)) to [Pd(1- 2 )] 3 
t"maN. 488 nm (rma 3 180 mol' dm-cm - '). 341 (5890). 264 
(11 170)] occurs reversibl y  and isoshesticallv f, 241 nmj. 
The generation of Pd" from the 4 + 2 co-ordinate 
{Pd(L)J - is consistent with the availability of a distorted 
octahedral stereochemistry in this system. These results 
1399 	 J. CHEM. SOC., CHEM. COMMUN., 1988 
Figure 3. X.Band e.s.r. spectrum of (a) [Pd(L')] + and (b) [Pd(L2)13+, 
both generated electrochemically; measured at 77 K in MeCN glass in 
the presence of 0.1 M Bu 4NPF6. 1 G = 10-4 T. 
suggest that there may be a significant kinetic/conformational 
barrier at room temperature to the formation of the corre-
sponding Pd" complex of L3 (ref. 4). 
We thank the S.E.R.C. (U.K.) for support, and Johnson 
Matthey p.l.c. for generous loans of platinum metals. 
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Stereochemical and Electronic Control of the Copper(ii)/(i) Couple by N 2S4-Donor 
Macrocycles 
Nigel Atkinson,a Alexander J. Blake,b Michael G. B. Drew,c George Forsyth,C Aidan J. Lavery,a Gillian Reid,b 
and Martin Schröderb 
a Department of Chemical and Physical Sciences, The Polytechnic, Queensgate, Huddersfield HD1 3DH, England 
b Department of Chemistry, University of Edinburgh, West Mains Road, Edinburgh EH9 3JJ, Scotland 
Department of Chemisty, The University, Whiteknights, P0 Box 224, Reading RG6 2AD, England 
The N2S4 donor complex [Cu(Li)] 2+ (Li = 1,4,10,13-tetrathia-7,16-diazacyclo-octadecane) shows a chemically 
reversible copper(ii)/(i) couple at E —0.31 V vs. Fc/Fc (ferrocene/ferrocenium), whereas the methylated analogue, 
[Cu(L2 )] 2  (1-2 = 7,1 6-dimethyl-1 ,4,1 0,1 3-tetrathia-7,1 6-diazacyclo-octadecane) shows a more anodic copper(ii)/(i) 
couple at E +0.06 V vs. Fc/Fc; these differences in redox potential can be related to the stereochemical features of 
the copper(ii) complexes, the crystal structures of which have been determined for [Cu(L 1 )]2 and 
ICu2(L2 )(NCMe)21 2 . 
--The co-ordination chemistry of the mixed N 2S4 donor 
macrocycles L' (Li = 1,4,10,13-tetrathia-7,16-diazacyclo-
octadecane) and L 2 (L2 = 7,16-dimethyl-1,4,10,13-tetrathia-
7,16-diazacyclo-octadecane) are of particular interest since 
these ligands incorporate both hard and soft donor atoms in a 
co-ordinatively restricted environment.' Very little has been 
reported on the stereochemical characteristics of transition 
metal complexes of these ligands'- 3 , although Black and 
co-workers have defined' the possibilities of meso and rac 
isomers for octahedral complexes of the type [M(L')]x+. We 
were interested in the stereochemical preferences of d 9  Cull 
with these N2S4 donor ligands, and report herein structural 
and redox data for these Cu" species. 
Reaction of Cu(Cl04)2  with one equivalent of I (L = L' or 
L2) in refluxing EtOH for 3 h afforded green solutions from  
which the complexes [Cu(L)](C10 4)2 could be isolated as 
green products. Crystals of [Cu(L 1 )](C104)2 .H20 were grown 
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Pd" with L1 and 1-2 , we propose that the cation [CU(L2)12+  
would adopt a meso configuration. This would allow closer 
approach of the four soft thioether donors to the metal centre, 
and thus provide greater stability of the Cu' species, as 
observed experimentally. 
The net stabilisation of Cu' by L2 is reflected in the isolation 
of the stable binuclear species [Cu 2(L2)(NCMe) 2] 2+. The 
single crystal X-ray structure of [Cu 2(L2)(NCMe)2](PF6)2 
showst (Figure 2) a centrosymmetric structure with each Cu' 
centre bound tetrahedrally to two S-donors and one N-donor 
of 1-2  [Cu—S(4) 2.317(4), Cu—S(10) 2.286(4), Cu—N(7) 2.165(7) 
A], and one MeCN molecule [Cu—N(1S) 1.924(9) A]. The 
Cu . Cu separation is 4.283(2) A with each Cu' ion bound by 
an -N2S2  donor set similar to that found in the Type 1 copper 
proteins. 7 
We thank the S.E.R.C. for support. 
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Palladium(ii)/(iii) Complexes of Triaza Macrocycles: Synthesis and Single Crystal X-Ray 
Structures of [Pd"(tacn) 2]3  and [Pd"(tacn )(tacn H)] 3  + (tacn = 1 ,4,7-triazacyclononane) 
Alexander J. Blake, Linda M. Gordon, Alan J. Holder, Timothy I. Hyde, Gillian Reid, and Martin Sch röder* 
Department of Chemistry, University of Edinburgh, West Mains Road, Edinburgh EH9 3JJ, Scotland 
The complex cation [Pd(tacn)2] 2-'- (tacn = 1,4,7-triazacyclononane) shows a one-electron oxidation at Ej = + 0.07 V 
vs. Fc/Fc (ferrocene/ferrocinium) to afford the stable mononuclear Pd"' species [Pd(tacn) 2 1 3-- , which has a 
tetragonally-distorted octahedral structure with Pd—N(1) = 2.180(9), Pd—N(4) = 2.118(9), Pd—N(7) = 2.111(9) A. 
Reprinted from the Journal of The Chemical Society 
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Palladium(ii)/00 Complexes of Triaza Macrocycles: Synthesis and Single Crystal X-Ray 
Structures of [Pd"(tacn) 2]3  and [Pd"(tacn)(tacnH)] 3 (tacn = 1,4,7-triazacyclononane) 
Alexander J. Blake, Linda M. Gordon, Alan J. Holder, Timothy I. Hyde, Gillian Reid, and Martin Sch röder* 
Department of Chemistry, University of Edinburgh, West Mains Road, Edinburgh EH9 3JJ, Scotland 
The complex cation [Pd(tacn) 2 1 2 (tacn = 1,4,7-triazacyclononane) shows a one-electron oxidation at Et = +0.07 V 
vs. Fc/Fc (ferrocene/ferrocinium) to afford the stable mononuclear Pd"' species [Pd(tacn) 2 ] 3-- , which has a 
tetragonally-distorted octahedral structure with Pd—N(1) = 2.180(9), Pd—N(4) = 2.118(9), Pd—N(7) = 2.111(9) A. 
We have been investigating the stereochemical and redox 
properties of tridentate macrocyclic ligands with pI and 
Pt".' The stabilisation of M" species by I ,4,7-trithiacyclo-
nonane (ttcn) in the complexes [M(ttcn) 2 ] 3 (M = Pd, Pt)2.3 
has prompted us to study the analogous chemistry with the 
triaza analogue 1,4,7-triazacyclononane (tacn). 4 
Reaction of K 2 PdCI 4 with two molar equiv. of tacn.3HNO 3 
in water in the presence of NaOH affords an orange solution 
from which the complex [Pd(tacn) 2 ](PF6 ) 2 t can be isolated by 
addition of excess of NH 4 PF6 . In addition, by controlling the 
pH ofthe reaction solution, the protonated complex cation 
[Pd(tacn)(tacnH)J 3 +t can be isolated. Single crystals of 
[Pd(tacn)(tacnH) J(PF 6 ) 2 (NO 3 ). H 20 were grown from 







Figure 2. X-Band e.s.r. spectrum of [Pd(tacn) 2]3 measured at 77 K 
(MeCN glass). 
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Figure 1. Single crystal X-Ray structure of [Pd(tacn)(tacnH)] 3 ± with 
numbering scheme adopted. 
aqueous solution and the single crystal X-ray structure of the 
complex was determined. 
Figure 1 shows the structure of the [Pd(tacn)(tacnH)] 3 ± 
cation .t The triaza ligands are each co-ordinated via two 
N-donors to the Pd" centre to give a square planar complex, 
Pd-N(4) = 2.017(14), Pd-N(7) = 2.087(14), Pd-N(4') = 
2.051(12), Pd-N(T) = 2.067(13) A. The unusual feature of 
the structure is that the two non-bonding N-donors, N(1) and 
Crystal data for C,2H31N6Pd2+.NO3-  .2PF6 .H20: A yellow 
columnar crystal (0.10 x 0.14 x 0.55 mm) was mounted on a Stöe-
Siemens AED2 four-circle diffractometer. Orthorhombic, space 
group P2 1 2 1 2 1 ,a = 8.4574(15),b = 16.2641(27),c= 18.756(4) A, U= 
2579.9 A3 (by least-squares refinement on diffractometer angles for 11 
reflections with 15 <0 <17°, ), = 1.54184 A), M = 735.62, D = 1.894 
g CM-3, Z = 4, ii(Cu-K) = 83.10 cm- . Data collection using Cu-K. 
X-radiation yielded 2155 unique reflections (20,,,,,,,120°, h 0-.9, k 
0-'18, I 0-21). These were corrected for absorption using it scans, 
and 1663 with F >6o(F) were used in all calculations. After location of 
the Pd atom from a Patterson synthesis, its position was used in 
DIRDIF" to develop the Structure. Using this method, followed by 
iterative cycles of least-squares refinement and difference Fourier 
synthesis, 12 all non-H atoms were found. With the exception of a 
carbon atom in one of the ligands, for which disorder had to be 
modelled, all non-H atoms were refined anisotropically. H atoms 
were included in fixed, calculated positions. At final convergence, R 
= 0.0492, R,,, = 0.0674, S = 1.112 for 338 parameters and the final 
difference map showed no feature above + 1.04 or below -0.72 eA -3. 
For C 12 H30N6Pd.3PF6 : A yellow plate (0.40 x 0.45 x 0.025 
mm) was mounted on a StUe-Siemens AED2 four-circle diffrac-
tometer. Triclinic, spacegroup P1, with a = 9.3663(22). b = 
9.3853(24), c = 17.314(5) A, or = 80.661(13), 1 = 79.832(13), y = 
61.199(10)°, U = 1307.5 A3  ffrom 20 values of 18 reflections measured 
at ±w(24 <20 <25 0 , X = 0.71073 A)J, M = 799.70, D,, = 2.03 gcm 3 , 
Z = 2, a(Mo-K) = 9.69 cm', T = 298 K. Data collection using 
Mo-K. X-radiation gave 3415 unique reflections (20 m 45° , 
h - 9-.l0, k -9-10,10-18) of which 2452 with F >2o(F) were used 
in all calculations. A Patterson synthesis located two Pd atoms on 
inversion centres. DIRDIF'' found all non-H atoms. The structure 
was developed by least-squares refinement and difference Fourier 
synthesis. 12 The Pd, C. N. P, and F atoms were refined anisotropic-
ally. H Atoms were included in fixed calculated positions. One cation 
was significantly better determined than the other; all parameters 
quoted in the text refer to the former. At final convergence. R = 
0.0594, R = 0.0828, S = 1.050 for 364 parameters and the final 
difference map showed no feature above + 1.701 below -0.48 e A -3 . 
Atomic co-ordinates, bond lengths and angles. and thermal par-
ameters have been deposited at the Cambridge Crystallographic Data 
Centre. See Notice to Authors. Issue No. I. 
Figure 3. Single crystal X-ray structure of [Pd(tacn) 2 ] 2 * with 
numbering scheme adopted. 
N(1'), lie on the same side of the PdN 4 plane to give a syn 
configuration for the complex, Pd-N(1) = 2.982(11), Pd-
N(V) = 3.079(11) A. The N(1) N(1') distance is 
2.954(15) A. This structure contrasts with that of the Pt" 
analogue [Pt(tacn) 2 ] 2 + in which the two non-bonding N-don-
ors lie on opposite sides of the PtN 4 plane to give an anti 
configuration of macrocyclic ligands. 5 Extensive H-bonding 
occurs in the Pd" complex between the cation and the NO3 - 
and H20 molecules. This may explain the net stabilisation of 
the syn over the anti isomer for this species, and suggests that 
H-bonding may be used to control the configuration of 
co-ordinated polyaza macrocycles. In the absence of H-bond-
ing, we would expect the complex cation [Pd(tacn) 2 ] 2 to 
adopt an anti configuration, and be isostructural with its Pt" 
analogue. 
Cyclic voltammetry of [Pd(tacn) 2 ](PF6 ) 2 in MeCN (0.1 M, 
Bu°4NPF6) at platinum electrodes shows a chemically revers-
ible oxidation at E1 = +0.07 V vs. Fc/Fc -'- (ferrocene/ 
ferrocinium). 6 A more sluggish, second oxidation is observed 
at +0.45 V. Coulometry confirms both these oxidations to be 
one-electron processes. Since the -triaza ligand is redox-
inactive within this potential range, these oxidations are 
§ Since the submission of this paper, McAuley et at. ' 3 have reported 
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therefore assigned to Pd"!" and P11/tV  couples, respectively. 
Controlled potential electrolysis of [Pd(tacn) 2] 2+ at +0.3 V 
affords the bright yellow Pd" complex, the e.s.r. spectrum of 
which (77 K, MeCN glass) shows a strong, broad, near-
isotropic signal with, g,. = 2.123, g1 = 2.007 (Figure 2). 
Super-hyperfine coupling to two N-donors (1:2:3:2: 1 quin-
tet) is more apparent in the second derivative spectrum with 
A n = 27 G (1G = 10-4 T). Similar coupling to two N-donors 
has been observed for octahedral Ni" tetra-aza macrocyclic 
complexes with a d 2 ground state. 7 Further oxidation -at +0:7 
V leads to the formation of a product which is e.s.r. silent and 
is therefore assigned to the octahedral PdV  species [Pd-
(tacn)2]4+. The reversible interconversion of the pl/I11I'I 
complexes was confirmed by in situ electronic spectral 
measurements using an optically transparent thin layer 
electrode (OTTLE) system. 
The complex [Pd(tacn)2](PF6)3t was isolated by careful 
addition of diethyl ether to an electrolysed solution. Crystals 
of the complex were grown from MeCN/diethyl ether and the 
single crystal X-ray structure determined. The structure of 
[Pd(tacn)2](PF6)3t (Figure 3) shows tetragonally distorted N 6 
co-ordination around the p1I  centre with Pd—N(1) = 
2.180(9), Pd—N(4) = 2.118(9), Pd—N(7) = 2.111(9) A, 
consistent with a Jahn—Teller distorted d 7 complex. The 
structure of [Pd(tacn) 2] 3 + is therefore related to that of 
[Pd(ttcn) 2] 3 + which is the only other reported crystal structure 
of a mononuclear Pd" species. 2 However, the trithia complex 
[Pd(ttcn) 2 13- is generated at a higher anodic potential (E1 = 
0.605 V vs. FcIFc+), and is also much less stable than the triaza 
analogue in the solid state and in solution. [Pd(tacn) 2] 3 + is 
stable indefinitely in MeCN and MeNO 2 and may be 
manipulated readily in non-reducing solvents; in contrast, 
Pd(ttcn) 21 3+ decomposes slowly in these solvents, and is 
stabilised indefinitely only in acidic media. Interestingly, the 
solid state structure of [Ni(tacn) 2 ] 3+ shows a greater tetra-
gonal distortion than the Pd" complex, Ni—N = 1.964(5), 
1.985(5), 1.970(5), 1.965(5) A and 2.107(5), 2.111(5) A . 8 This 
may reflect the greater size of p1l  vs. Ni", with the cavity 
generated by two tacn ligands being too large for 
The stabilisation of Pd" by the triaza macrocycle (tacn) 
contrasts with the redox properties of square planar Pd"  
tetra-aza complexes which, in general, do not show Pd1i1I 
couples. 1,10 This difference can be ascribed to the availability 
of distorted octahedral stereochemistry in the complexes of 
tacn. 
We thank the S.E.R.C. for support, and Johnson Matthey 
Plc for generous loans of platinum metals. 
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Synthesis and Single-crystal X-Ray Structure Determination of 
trans-[RhCl 2 (tmc)]PF 6  (tmc = 1,4,8,11 -tetramethyl-1 ,4,8,1 1 -tetra-
azacyclotetradecane) t 
Alexander J. Blake, Gillian Reid, and Martin Schröder 
Department of Chemistry, University of Edinburgh. West Mains Road, Edinburgh EH9 3JJ 
Reaction of RhCI 3.31­1 20 with one molar equivalent of tmc (1,4,8,11 -tetramethyl-1 .4,8,11 -tetra-
azacyclotetradecane) in ref luxing MeOH affords the complex cation [RhCl 2 (tmc)1t The complex 
[RhCl 2 (tmc)1 PF 6  crystallises in the orthorhombic space group Pnma, with each anion and each 
cation lying on a crystallographic mirror plane. The single-crystal X-ray structure of the octahedral 
complex shows the chloride ions mutually trans to one another, Rh—Cl 2.355(3) and 2.362(3) A, 
with the tetra-aza macrocycle adopting an RRSS conformation with two methyl groups lying 
above, and two methyl groups lying below the RhN 4 plane [Rh—N 2.110(8) and 2.114(8) A. 
trans- [RhCl2 (tmc)] + shows a quasi-reversible Rh' "—Rh" redox couple at E = —0.99 V vs. 
[Fe(-0 5 H 5) 2 —[Fe(-0 5 H 5 ) 2] + in MeCN; slow loss of chloride occurs on electrochemical reduction 
of the complex. 
We have been investigating the synthesis and redox activation of 
macrocyclic complexes of the platinum group metals.' As part 
of this study, we have reported recently the stabilisation of Pt" 2 
and Pd 111 centres by polythia macrocycles, and the generation 
of Pd' bound to tetra-aza ionophores. 5 We wished to extend 
this work to the complexation of Rh ... by N- and S-donor 
macrocyclic ligands, and to monitor their ability to stabilise d 7 
Rh" centres. 23  Our approach was based on the synthesis of 
mononuclear, octahedral Rh" precursors incorporating redox-
inactive tetra-aza ligands. On reduction, such complexes would 
therefore show potential metal-based redox activity, and could 
give the corresponding Jahn-Teller distorted mononuclear Rh" 
species. The generation of univalent Cu,' Ni,' and Pd 5 
complexes of tmc [tmc = 1,4,8,11 -tetramethyl- 1 94,8,11-tetra-
azacyclotetradecane (tetramethylcyclam)] has been reported 
previously. We reasoned that the stabilisation of reduced 
tmc 
R 	 R 
L 2 : R Me 
L 3 : R 	H 
t trans-Dichloro( 1,4,8,1 1-tetramethyl- 1,4,8,11 -tetra-azacyclotetra-
decane-NN'N/V")rhodium(iii) hexafluorophosphate. 
Supplementary data available: see Instructions for Authors, J. Chem. 
Soc., Dalton Trans., 1988, Issue 1, pp. xvii—xx. 
Rh centres might therefore be achieved using the same macro-
cyclic ligand system. A further impetus for this work has 
been the reported generation of mononuclear Rh" porphyrin 
intermediates,' and the stabilisation of Rh" by homoleptic 
hexathia co-ordination in [Rh(L') 2] 2 (L' = 1,4,7-trithia-
cyclononane). 2 ' 3 ' 9 
We report herein the synthesis, single-crystal X-ray structure 
determination, and preliminary redox data on the Rh" macro-
cyclic complex [RhCl 2(tmc)]. 
Results and Discussion 
Reaction of RhCl 3.3H 20 with one molar equivalent of tmc in 
refluxing MeOH for 1 h under N 2 affords a yellow solution. 
Addition of excess of NH 4PF6 gave a yellow precipitate which 
could be recrystallised from MeCN. The i.r. spectrum of the 
product shows a single band at 280 assigned to a rhodium—
chloride stretching vibration, v(Rh—CI), in addition to bands 
assignable to co-ordinated tmc, and PF 6 counter ion. The u.v.-
visible spectrum shows absorbances at X ma. 227 (c 39 900), 324 
(241), and 452 nm (63 dm  mol' cm'); the low absorption 
coefficients for the d—d transitions at 324 and 452 nm are 
consistent with a trans-dichloro system as observed for a series 
of analogous complexes trans-[RhX 2 (cyclam)] + (cyclam = 
1,4,8,11 -tetra-azacyclotetradecane).' °  The absorbance at 227 
nm is assigned to a Cl—+Rh ligand-to-metal charge-transfer 
transition. The fast-atom bombardment (f.a.b.) mass spectrum 
of the complex shows a peak with the correct isotopic distri-
bution at M' 429 assigned to [ 113Rh35Cl 2(tm0], with 
peaks at M = 394 and 358 corresponding to[ 103Rh35Cl-
(tmc)] and [ 113Rh(tmc - H)] respectively. This, together 
with analytical data, suggested the complex cation to be trans-
[RhCl 2(tmc)] t  The" H n.m.r. spectrum of the product in 
CD3CN showed a single resonance at 6 2.78 p.p.m. assigned to 
four equivalent methyl groups of a symmetric isomer. A further 
four methyl resonances observed at 6 2.76, 2.75, 2.67, and 2.51 
p.p.m. may be assigned to the methyl groups of an asymmetric 
isomer. 1 ' The ' 3C DEPT n.m.r. spectrum of the isolated pro-
duct likewise showed the presence of two isomers in solution. 
The symmetric isomer showed resonances at 6 50.69 (CH 3), 
23.86, 61.52, and 63.10 p.p.m. (three types of CH 2). Fourteen 
further resonances were observed in the ' 3C n.m.r. spectrum 
with 6 47.11, 47.95, 49.87, 53.63 p.p.m. for the four methyl 
carbon centres. From these data, the asymmetric isomer can be 
1562 
	
J. CHEM. SOC. DALTON TRANS. 1988 
Tablet. Selected bond lengths (A) and angles (°) with estimated standard 
deviations in parentheses for {RhCl 2(tmc)]PF6 
Rh(1)-Cl(1) 2.355(3) P(l)-F(l) 1.569(12) 
Rh(1)-Cl(2) 2.362(3) P(1)-F(2) 1.551(11) 
Rh(1)-N(1) 2.110(8) P(1)-F(3) 1.608(12) 
Rh(1)-N(4) 2.114(8) P(l)-F(4) 1.582(14) 
Rh(1)-N(4)-C(3) 105.1(6) Rh(1 )-N( 1)-C(2) 10 1.6(6) 
Rh(1)-N(4)-C(5) 107.2(7) Rh(1)-N(1).-C(14) 109.4(6) 
Rh(l )-N(4)-C(4N) 124.7(9) Rh( I )-N(1 )-C( IN) 119.8(8) 
Rh( l)-N(4)-Q3') 105.3(7) Rh(1)-N(1)-C(2') 100.1(7) 
Rh(1 )-N(4)-.C(5') 108.9(10) Rh(1 )-N(1)-C(l 4') 116.0(9) 
Rh(l )-N(4)--C(4N') 114.0(10) Rh( 1)-N(l)-C(1 N') 111.8(9) 
C1(1)-Rh( I )-Cl(2) 178.04(11) F( 1)-P(1 )-F(2) 89.6(6) 
CI(1)-Rh(1)-.N( I) 88.78(23) F( I )-P( 1)-F(3) 89.1(6) 
C1(1 )-Rh(1 )-N(4) 90.33(22) F(1 )-P( I )-F(4) 178.4(7) 
C1(2)-Rh( 1)-N( 1) 89.91(23) F(2)-P(l )-F(3) 175.5(6) 
Cl(2)-Rh( 1 )-N(4) 91.05(22) F(2)-P( 1 )-F(4) 91.4(7) 
N(1)-Rh(1)-N(4) 86.9(3) F(3)-P(1)-F(4) 89.7(7) 
Figure. Structure of the [RhC1 2(tm01 + Cation with atomic numbering 
scheme adopted 
assigned tentatively to a species with an RSRR configuration 
with three methyl groups above, and one methyl group below 
the RhN4 plane, or to a solvated species. The ratio of the two 
isomers in solution appears to be near 50:50. 
It was important to assign a configuration to the symmetric 
isomer which could be either RRSS (two methyls up, two 
methyls down) or RSRS (all methyls up). In view of the fact that 
no structural studies on Rh" tetra-aza macrocyclic complexes 
have been previously reported, a crystallographic study was 
undertaken. 
The complex was recrystallised from MeCN to yield orange 
rhomboid crystals of [RhCl 2 (tmc)]PF6 . The cation is markedly 
disordered and the following discussion refers to the major 
component of that disorder. The X-ray structure shows four 
[RhCl 2 (tmc)] + cations and four PF 6 anions per unit cell, each 
bisected by a crystal lographically-imposed mirror plane. The 
cation (see Figure) therefore possesses m symmetry with the 
mirror plane passing through the Rh and Cl atoms and through 
the central carbon atom of each propyl chain. The octahedral 
Rh" atom is co-ordinated to two mutually trans Cl - ligands 
and by a planar arrangement of four N-donors, Rh-Cl 2.355(3) 
and 2.362(3), Rh-N 2.110(8) and 2.114(8) A. The structure 
shows the complex adopting an RRSS configuration (or trans-
III in the notation used by Bosnich el /)2)  with two methyl 
groups above, and two methyl groups below the RhN 4 co- 
ordination plane. The Rh atom is displaced by only 0.017 A out 
of the N4 plane confirming that the top and bottom faces of the 
complex appear identical to the co-ordinated Rh atom. This 
contrasts with the displacement of 0.082 A of the Pd atom in the 
RSRS isomer of [Pd(tmc)] 2 . 5  Calculations indicate that the 
cavity size of the co-ordinated macrocycle in trans-
[RhCl 2 (tmc)] + [N( I )-N(4) 2.905(11), N(1)-N( 1') 3.146(11), 
and N(4)-N(4') 2.983(1 1) Aj is slightly larger than that of 
[Pd(tmc)] 2 + {N( I )-N(4) 2.968(15), N( 1 )-N( 1') 2.860(16), and 
N(4)-N(4') 2.946(17) A].5 Other platinum metal complexes of 
tmc that have been reported include trans-[RuX 20mc)] + (X = 
Cl, NCO, or NCS),' 3 trans_[Ru(0) 2 (tmc)] 2+ I f , 14 RSRR tralis-
[Ru(0)Cl(tmc)] + ,' RSRS trans- [Ru(0)(NCMe)(tmc)]2 +,1 . I  
and trans7[Os(0) 2 (tmc)] 2 '. 17  An RRSS configuration for 
co-ordinated tmc has been observed for [Ni(tmc)(OH 2 ) 2 ]Cl 2 . 
21­1 201  [Ni(tmc)][CF 3 SO 3] 21 ' 8 [{Ni(tmc)(N3)}2(1.i-N3)] f , 19 
and [Ni(0 2COMe) 2(tm0], 2° while the RSRS configuration 
has been found in [Ni(02COMe)(tmc)] +20 [Ni(tmc)]
[CF3SO 3] 2 .Me2CO.H20,2 ' and [Ni(N3)(tmc)] +22  Strain- 
energy minimisation analyses on Ni" complexes by Hambley 2 ' 
suggest that the RSRS and RRSS conformations are preferred 
by four-co-ordinate square-planar and by six-co-ordinate 
octahedral complexes of tmc respectively. Our crystallographic 
studies on [Pd(tmc)] 2 , 5 [Pd(tbc)] 2 [tbc = 1,4,8,11-
tetrabenzyl- 1,4,8,11 -tetra-azacyclotetradecane (tetrabenzylcy-
clam)],' 23 and trans-[RhCl 2 (tmc)] are in accord with these 
calculations. 
trans-[RhCl 2(tmc)] + shows a quasi-reversible reduction at 
E = -0.99 V vs. [Fe(r1-0 5 H 5 ) 2]-[Fe(11-0 5 H 5 ) 2] in MeCN 
(0.1 mol dm-' NBu 4PF6) at platinum electrodes assigned 
tentatively to a Rh"-Rh" couple. Cyclic voltammetry 
confirmed that loss of Cl occurred on reduction of 
[RhC1 2(tm0], the CL  '° couple being observed near ± 1.0 V, 
with a daughter product being detected near -0.35 V. Binding of 
Cl - to the metal centre would be expected to be destabilised on 
reduction ofrhodium(iii) to rhodium(ii), leading to the formation 
of five-co-ordinate or solvated product(s). This opens up the 
possibility of utilising the reduction of [RhCl 2 (tmc)] to 
generate an electron-rich rhodium centre which, on loss of CL, 
has a vacant co-ordination site for binding of substrates such as 
CO. 0 2 , or alkene. More importantly, these results show that 
simple alkylated tetra-aza macrocycles could be important 
ligands for the stabilisation of rhodium(ii) [and rhodium(i)] 
species. 
Relatively few examples of mononuclear, rhodium(ii) species 
have been reported in the literature.' .9,24-26 An important 
example is [Rh(L')] [L' = porphyrinate(2-)] which readily 
dimerises to [{Rh(U)1 21 involving a direct Rh-Rh bond. 8 
Other examples include [Rh(sep)] 2  + [sep = 1,3,6,8,10,13,16,19-
octa-azabicyclo[6.6.6]icosane (sepulchrate)] which shows 25 a 
Rh" couple at E. = -0.71 V vs. [Fe(i-0 5 H 5) 2]-[Fe(i-0 5 -
H 5 ) 2]. The related mixed-sandwich species [Rh(1-0 5 -
Me 5)(L)] 2 (L = L'-L 3 ) likewise show reversible or quasi-
reversible reductions on the cyclic voltammetric time-scale; the 
reduction products derived from these complexes are however 
unstable during the elect rogeneration experiments at 293 K. 2 ' 
Current work is aimed at the full electrochemical characterisa-
tion of the redox and chemical processes (ligand dissociation, 
dimerisation, 02 binding) occurring in the Rh systems described 
herein, and the synthesis of the related complexes [RhY 2 -
(tmc)] 3  (Y = pyridine or PR 3 ). 
Experimental 
Infrared spectra were measured as Nujol mulls, KBr and 
CsI discs using a Perkin-Elmer 598 spectrometer over the 
range 200-4 000 cm -1 . U.v.-visible spectra were measured in 
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quartz cells using a Pye Unicam SP8-400 spectrophotometer. 
Microanalyses were performed by the Edinburgh University 
Chemistry Department Microanalytical Service. Electro-
chemical measurements were performed on a Bruker E310 
Universal Modular polarograph. All readings were taken using 
a three-electrode potentiostatic system in acetonitrile con-
taining 0.1 mol dm-' NBu"4PF6 or NBu° 4BF4 as supporting 
electrolyte. Cyclic voltammetric measurements were carried out 
using a double platinum electrode and a Ag-AgCI reference 
electrode. Mass spectra were run by electron impact on a Kratos 
MS 902 and by fast-atom bombardment on a Kratos MS 50TC 
spectrometer. 
Synthesis of trans-[RhCl 2(tmc)]PF6.-RhCI 3 3H 20 (0.15 g, 
0.5 mmol) was treated with one molar equivalent of tmc (0.15 g, 
0.59 mmol) in refluxing MeOH under N 2 for 1 h. Addition of 
excess of NH 4PF6  gave a golden microcrystal line product 
which was collected, recrystallised from MeCN, and dried 
in vacuo. Yield: 230 mg, 70% (Found: C, 29.0; H, 5.7; N, 9.7. CaIc. 
for C, 4 H 32Cl 2 F6N4PRh: C, 29.2; H, 5.6; N, 9.7%). 1.r. spectrum: 
3 000,2 940,1450,1 380, 1 290, 1 260,1240,1200,1 170, 1150, 
1110, 1 050, 1 030,980,920,840,800, 790,750,720, 555, and 280 
cm'. U.v.-visible spectrum: A,,, 227 (c 39900), 324 (241), and 
452 nm (63 dm' mol' cm'). F.a.b. mass spectrum: found M 
429, calc. for [ 103 1th 35Cl 2(tm0] M 429; found M 394, 
caic. for ['° 3 Rh 35Cl(tmc)] M 394; found M 358, calc. 
for [ 103Rh(tmc - H)] M 358. 'H N.m.r. spectrum (CD 3CN, 
293 K, 200 MHz): 8 2.78 (s, CH 31  12 H) and 2.2-3.5 p.p.m. 
(m, CH 2, 20 H) (symmetric isomer); 8 2.76, 2.75, 2.67, 2.51 
(s, CH 31  12 H) and 2.2-3.5 p.p.m. (m, CH, 20 H) (asymmetric 
isomer). ' 3 C DEPT n.m.r. (CD 3CN, 293 K, 50.32 MHz): 8 23.86 
(CH 2 CH 2 CH 2, 2 C), 50.69 (CH 3, 4 C), 61.52 (NCH 2 CH 2 CH 2 N, 
4 C), 63.10 p.p.m. (NCH 2 CH 2N, 4 C) (symmetric isomer); 8 
23.55, 24.36 (NCH 2 CH 2CH 2N, 2 C), 47.11, 47.95, 49.87, 53.63 
(CH 3 , 4 C), 55.21, 56.12, 60.80, 60.94, 62.93 (two overlapping 
resonances), 63.58, 64.40 p.p.m. (NCH 2, 8 C) (asymmetric 
isomer). 
Addition of NaBPh4 in place of NH 4PF6 afforded the BPh 4 
salt [RhCl 2 (tmc)]BPh 4  (Found: C, 61.4; H, 7.0; N, 8.1. CaIc. for 
C 38 H 52 BCI 2 N4Rh: C, 60.9; H, 7.0; N, 7.5%). 
Single-crystal X-Ray Structure of trans-[RhCl 2(tmc)]PF 6.-
Recrystallisation from MeCN yielded orange, rhomboid crystals 
suitable for a crystallographic study. 
Crystal data. C 14H 32Cl 2 F6N4PRh, M = 575.3, ortho-
rhombic, space group Pnma, a = 14.952(4), b = 10.687(3), 
c = 13.487(4) A, U = 2 155 A 3  (by least-squares refinement 
on diffraction angles for 17 centred reflections), Z = 4, A = 
0.710 73 A, D = 1.773 g CM-3. Crystal dimensions 0.79 x 
0.54 x 0.46 mm, F(000) = 1168, t(Mo-K,,) = 11.09 cm'. 
Data collection and processing. Stoe-Siemens AED2 four-
circle diffractometer, a-O mode, 1 650 data (+ h, k, 1) measured 
to 20 = 450, giving 1 265 with F> 6(f). No significant 
crystal decay, no absorption córréctión - 
Structure analysis and refinement. The Rh position was 
deduced from a Patterson synthesis and the remaining non-
hydrogen atoms from iterative rounds of least-squares refine-
ment and difference Fourier synthesis. 28 Anisotropic thermal 
parameters were refined for Rh, Cl, P, F, and N. During 
refinement, some disorder of the macrocyclic ligand became 
obvious and could only be modelled by refining the minor 
isomer as an idealised, rigid group and, for the major isomer, 
constraining all C-C and C-N bonds to a common value of 
1.523(20) A and all macrocyclic angles to be tetrahedral. The 
discussion of the structure refers to the major component 
[66.3(13)%] of the disorder. We believe that the disorder arises 
from rotation of one component relative to the other, although 
the presence of a minor isomer in the solid state cannot be 
Table 2. Fractional atomic co-ordinates with estimated standard 
deviations in parentheses for IRhCl 2 (tm01PF 6 
Atom x y z 
Rh(1) 0.150 94(6) - 0.25 0.125 14(7) 
Cl(l) 0.024 92(22) 0.25 0.020 41(25) 
Cl(2) 0.274 05(25) 0.25 0.234 9(3) 
N(1) 0.092 2(5) 0.102 8(7) . 0.206 5(7) 
N(4) 0.211 7(5) 0.1104(7) 0.036 8(5) 
 0.155 9(8) -0.0049(15) 0.184 5(7) 
 0.1721(11) -0.0126(13) 0.0731(7) 
 0.182 8(14) 0.133 7(4) -0.069 9(10) 
 0.229 6(18) 0.25 -0.109 4(11) 
 0.039 4(14) 0.25 0.336 8(12) 
 0.095 4(12) 0.133 7(4) 0.316 7(9) 
C(4N) 0.3107(7) 0.077 4(24) 0.039 2(15) 
C(IN) -0.0033(6) 0.062 5(15) 0.183 7(16) 
 0.089 5(7) 0.001 4(17) 0.127 2(9) 
 0.182 2(9) -0.013 5(12) 0.081 8(12) 
 0.312 9(7) 0.122 8(19) 0.045(3) 
 0.341 7(10) 0.25 0.005(4) 
 -0.004 1(17). 0.25 0.301 4(25) 
 -0.0021(7) 0.1266(20) 0.2450(18) 
C(IN') . 0.151 7(16) 0.060 3(20) 0.291 7(13) 
C(4N') 0.184 5(22) 0.1148(25) -0.072 0(10) 
P(1) 0.571 4(4) 0.25 0.864 0(4) 
 0.650 4(8) 0.25 0.940 7(11) 
 0.526 4(7) 0.141 8(8) 0.922 2(7) 
 0.623 7(8) 0.354 3(10) 0.8006(8) 
 0.493 8(11) 0.25 0.784 3(12) 
entirely discounted. At convergence, R, K = 0.0715, 0.1153 
respectively, S = 1.369 for 126 parameters, and the final 
difference Fourier synthesis showed no feature above 1.26 or 
below -0.74 e A-3 . The weighting scheme w' = cr 2(fl + 
0.000 81 iF2  gave satisfactory agreement analyses. Illustrations 
were prepared using ORTEP, 29  molecular geometry calcul-
ations utilised CALC, 3°  and scattering factor data were inlaid 
28 
or taken from ref. 31. Fractional atomic co-ordinates are given 
in Table 2. 
Additional material available from the Cambridge Cry-
stallographic Data Centre comprises thermal parameters, 
remaining bond lengths and angles, H-atom co-ordinates. 
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Abstract 
Reaction of IrC1 3 with 1,4,8,11-tetrathiacyclotetradecane (L) in refluxing 
EtOH/H 20 gives the complex cation [IrC1 2 (L)]. Crystals of [IrCl 2 (L)]BPh 4 are 
monoclinic, space group P21 , with a 12.6927(14), b 12.1361(20), c 14.4912(18) A, /3 
111.813(13)°, V 2072.4 A3 , D  1.363 g cm 3 , Z= 2. The single crystal X-ray 
structure of [IrCl 2 (L)]BPh 4 shows a distorted octahedral stereochemistry around 
Ir", with mutually cis Cl - ligands, Ir-C1(1) 2.389(5), Ir-Cl(2) 2.385(5) A, angle 
C1(1)IrCl(2) 91.02(16)0.  The tetrathia macrocycle is coordinated to the metal centre 
via all four S-donors (Ir-S(1) 2.277(4), Ir-S(4) 2.287(5), Ir-S(8) 2.268(4), Ir-S(11) 
2.343(5) A) with 5(1), S(4), and S(8) trans to C1(2), S(11), and CI(l) respectively. 
Introduction 
We have been investigating the synthesis, structure and redox properties of 
platinum metal complexes of polydentate thioether macrocycles [1,2]. The fourteen-
membered ring, tetrathia ligand 1,4,8,11-tetrathiacyclotetradecane (L), the sulphur-
donor analogue of cyclarn, has been found to bind effectively to a range of second 
and third row transition metal centres including Hg" [3,4], Nb" [5], Ru" [6], Rh' 
[7,8], Rh" [8], Pd" [1], while ligands of larger hole size have been found to complex 
with Mo° , Moll [9] and Mo" [10]. This contrasts with the poor binding properties of 
non-cyclic thioether ligands to transition metal ions [11]. Very few non-porphyrin 
macrocyclic complexes of Jr have been reported previously [1,12], and no examples 
of Jr complexation by L have been described. We report here the synthesis and 
crystal structure of the Ir" species cis-[IrC1 2 (L)]BPh 4 . 
0022-328X/88/$03.50 	0 1988 Elsevier Sequoia S.A. 
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Results and discussion 
IrC1 3 • 3H 20 was treated with one molar equivalent of L in refluxing EtOH/H 20 
under N2 for 14 h in the presence of an excess of NaBPh 4 . On cooling, the 
yellow/brown precipitate was collected and recrystallised from CH 3 NO2 to afford a 
cream-coloured product. The IR spectrum of this complex showed, in addition to 
bands due to coordinated L and BPh 41  two bands at 310 and 305 cm -1 assigned to 
Ir-Cl stretching vibrations, i'(Ir-CI), suggesting the formation of a cis-dichloro 
complex. The electronic spectrum of the complex showed absorptions at 348 and 
297 nm tentatively assigned to d-d transitions. The magnitudes of the extinction 
coefficients, 113 and 1,400 M 1 cm -1 respectively, for these absorptions are 
indicative of a cis configuration at the metal centre; d-d transitions in d 6 metal 
complexes have been shown previously to have larger extinction coefficients for cis 
than for trans-configurations owing to the lower symmetry of cis-isomers, e.g. cis-
and trans-[ Rh(X) 2  (cyclam)] [13-15]. The fast-atom bombardment mass spectrum 
of the complex shows the main molecular ion peak at M = 531 corresponding to 
[ 193 Ir 35 Cl 2 (L)], with the correct isotopic distribution. Daughter peaks at M = 496 
and 461 correspond to [ 193 Ir 35 Cl(L)] and [ 193 Ir(L)] respectively, formed by 
successive loss of Cl. These data together with analytical data suggest that the 
complex isolated was cis-[IrCl 2 (L)] + BPh 4 -. 
In order to confirm the structure of the complex and the connectivity and 
conformation of the macrocyclic ligand, a single crystal X-ray structural determina-
tion was undertaken. Crystals of cis-[IrCl2 (L)]BPh 4 were grown from 
CH 3 NO2/Et 2O. Figure 1 gives views of the complex cation. The structure analysis 
confirms the cis, configuration of the Cl - ligands, with Ir-Cl(1) 2.389(5), Ir-Cl(2) 
2.385(5) A. The macrocycle is coordinated to the 1r 11 ' centre as a tetradentate ligand, 
Ir-S(1) 2.277(4), Ir-S(4) 2.287(5), Ir-S(8) 2.268(4), Ir-S(11) 2.343(5) A, and adopts 
a folded conformation with C1(1) and C1(2) lying trans to S(8) and S(1) respectively. 
The conformation of the coordinated ligand in this complex is similar to that in 
cis-[RUC' 2 (L)] [6] and indicates a general tendency of L to bind to larger metal ions 
to give cis octahedral complexes. In contrast, cyclam binds to Rh to give both cis-
and trans-dichioro complexes [12,15], while only a trans isomer has been isolated 
for the cation [RhC1 2 (tmc)] (tmc = 1,4,8,11-tetram ethyl- 1,4,8,11-
tetraazacyclotetradecane) [16]. The 13 C NMR spectrum of cis-[IrCl 2 (L)] in CD 3 NO2 
shows five resonances at 6 37.99, 29.52, 28.96, 28.39, 23.90 ppm for the secondary 
carbon centres of the coordinated macrocycle (L), confirming the presence of only 
one isomer and retention of the cis configuration in solution. The metal-sulphur 
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Fig. 1. Two views of the single crystal X-ray structure of cis-[IrCl2 (L)]BPh 4 with numbering scheme 
used. 
bond lengths in cis-[IrCl 2 (L)] + follow the same pattern as found for cis-[RuC1 2 (L)] + 
[6]. For the Ru" complex, it was noted that the metal-sulphur bond distances trans 
to Cl - (2.262(1) A) were shorter than those trans to S (2.333(1) A). This is 
attributed to greater Ru - S( ?T) back-donation to the thioether donors trans to Cl - 
[6]. For cis-[IrCl 2 (L)] , the same general pattern in bond lengths is observed, with 
Jr-S 2.277(4), 2.268(4) A (trans to Cl) and 2.287(5) 2.343(5) A (trans to 5). 
Cyclic voltammetry of cis-[IrCl 2 (L)]PF6 in CH3CN (0.1 M Bu 4 NPF6 ) at 
platinum electrodes shows no oxidation in the range 0 -, + 2.0 V vs. Fc/Fc. The 
complex undergoes an irreversible reduction at E1, = - 1.82 V vs. Fc/Fc at a scan 
rate of 200 mV s', presumably corresponding to the formation of an species of 
type [Ir(L)] via loss of Cl -. This occurs at a considerably more cathodic potential 
than that for the analogous tetra-aza complex trans-[RhC1 2 (tmc)] which shows a 
quasi-reversible Rh" couple at E112 -0.99 V vs. Fc/Fc in CH 3CN [16]. Larger 
thioether ring systems may be more likely to give trans-dichloro complexes, and to 
stabilise lower valent, electron-rich Jr centres [7]. 
Experimental 
Infrared spectra were recorded as Nujol mulls or as KBr or CsI discs on a 
Perkin-Elmer 598 spectrometer over the range 200-4000 cm'. UV-visible spectra 
were recorded for solutions in quartz cells using a Pye Unicam SP8400 spectropho-
tometer. Microanalyses were performed by the Edinburgh University Chemistry 
Department microanalytical service. Electron impact mass spectra were obtained on 
a Kratos MS 902 and fast atom bombardment mass spectra on a Kratos MS 50TC 
spectrometer. Electrochemical measurements were performed with a Bruker E310 
Universal Modular Polarograph; for all readings a three-electrode potentiostatic 
system in acetomtrile containing 0.1 M nIBu4NPF6  as supporting electrolyte was 
used. Cyclic voltammetric measurements were carried out with a double platinum 
electrode and a Ag/AgCl reference electrode. Potentials are quoted versus ferro- 
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cene/ferrocimum, Fc/Fct 'H and ' 3 C NMR spectra were recorded at 200 and 
50.32 MHz, respectively, on Bruker a WP200 spectrometer. 
1,4,8,11 -Tetrathiacyclotetradecane was purchased from Aldrich Chemicals. 
Synthesis of [IrCl 2 (L)]BPh 4 
To a solution of 1,4,8,11-tetrathiacyclotetradecane (0.04 g, 1.49 X iO' mol) in 
refluxing EtOH (50 cm3 ) containing an excess of NaBPh 4 (0.075 g, 2.19 x iO 
mol) was added a solution of IrCl 3 • 311 20 (0.052 g, 1.47 X iO mol) in water (5 
cm'). The mixture was refluxed under N 2 for 14 h then allowed to cool, and the 
yellow/brown precipitate collected. The product was dissolved in hot MeNO 2 and 
filtered to remove insoluble chioro-bridged polymers. The filtrate was cooled to 
afford a cream precipitate of [IrCl 2 (L)]BPh 4 , which was collected and dried in 
vacuo. Yield 0.042 g, 33%. Elemental analysis: found C, 47.4; H, 4.8% calculated for 
[IrCl 2 (L)]BPh 4 C, 48.0; H, 4.7%. Infrared, spectrum (CsI disc): (L): 2910(m), 
1430(vs), 1270(m) cm 1 , BPh 4 : 3060, 2980, 1580, 1480, 1430, 860, 840, 810, 610, 
530 cm', (Ir—Ci): 310, 305 cm'. Mass spectrum (FAB) in dm1/glycerol matrix: 
M (found) = 531, 496, 461; M (calculated) = 531 for [ 193 Ir 35 Cl 2 (L)], 496 for 
[ 193 Ir 35 C1(L)], 461 for [ 193 1r(L)]t UV-VIS (MeCN): X,, Ia., 348 (113), 297 (1, 400), 
275 (2, 760), 267 (3, 370), 216 nm (c .. a, 29,400 M' cm'). 
Synthesis of [IrCl 2 (L)]PF6 
The PF6 salt was prepared by using NH 4 PF6 in place of NaBPh 4 in the above 
preparation. Elemental analysis: Found C, 18.1; H, 3.0; S, 18.8. [IrCl 2 (L)]PF6 
calcd.: C, 17.8; H, 3.0; S, 18.9%. 'H NMR (CD 3 NO2 , 293 K, 200 MHz): 6 2.5-3.5 
ppm (m, CH2 ). 13 C NMR (CD3 NO2 , 293 K, 50.32 MHz): 6 37.99, 29.52, 28.96, 
28.39, 23.90 ppm. 
X-Ray structure determination of [IrCl 2 (L)]BPh 4 
A colourless crystal (0.46 X 0.15 X 0.15 mm) suitable for an X-ray diffraction 
study was obtained by diffusion of Et 20 vapour into a solution of the complex in 
CH 3 NO2 . 
Crystal data. C34 H 40 BC1 2 IrS4 , M= 850.85,  monodinic, space group P2 1 , with 
a 12.6927(14), b 12.1361(20), c 14.4912(18) A, 8 111.813(13)°, V 2072.4 A3 (From 0 
values of 20 reflections measured at ±w, 19 <20< 30°, A 0.71073 A), Z = 2, D 
1.363 g CM-3, tL 35.18 cm', F(000) = 848. 
Table 1 
Bond lengths (A) with standard deviations 
Ir(1)-S(1) 2.277(4) S(8)-C(7) 1.772(21) 
Ir(1)-S(4) 2.287(5) S(8)-C(9) 1.775(20) 
Ir(1)-S(8) 2.268(4) S(1 1)-C(10) 1.851(23) 
Ir(1)-S(1 1) 2.343(5) S(11)-C(12) 1.811(21) 
Ir(1)-Cl(1) 2.389(5) C(2)-C(3) 1.55(3) 
lr(1)-0(2) 2.385(5) C(5)-C(6) 1.46(3) 
S(1)-C(2) 1.855(21) C(6)-C(7) 1.58(3) 
S(1)-C(14) 1.809(17) C(9)-C(10) 1.59(3) 
S(4)-C(3) 1.781(20) C(12)-C(13) 1.48(3) 
S(4)-C(5) 1.755(24) C(13)-C(14) 1.57(3) 
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Table 2 
Angles (degrees) with standard deviations 
S(1)-Ir(1)-S(4) 88.10(15) Ir(1)-S(4)-C(5) 111.3(8) 
S(1)-Ir(1)-S(8) 86.42(15) C(3)-S(4)-C(5) 102.1(10) 
S(1)-Ir(1)-S(11) 97.65(15) Ir(1)-S(8)-C(7) 110.1(7) 
S(1)-Ir(1)-C1(1) 91.29(16) Ir(1)-S(8)-C(9) 103.5(6) 
S(1)-Ir(1)-Cl(2) 176.15(15) C(7)-S(8)-C(9) 103.7(9) 
S(4)-Ir(1)-S(8) 98.93(16) Ir(1)-S(1 1)-C(10) 103.1(7) 
S(4)-Ir(1)-S(11) 172.26(16) Ir(1)-S(11)-C(12) 111.0(7) 
S(4)-Ir(1)-C1(1) 86.72(16) C(10)-S(11)-C(12) 100.2(10) 
S(4)-Ir(1)-Cl(2) 88.96(16) S(1)-C(2)-C(3) 103.5(13) 
S(8)-Ir(1)-S(1 1) 86.64(16) S(4)-C(3)-C(2) 109:0(14) 
S(8)-Ir(1)-Cl(1) 173.81(16) S(4)-C(5)-C(6) 118.5(18) 
S(8)-Ir(1)-C1(2) 91.58(15) C(5)-C(6)-C(7) 118.7(20) 
S(11)-Ir(1)-C1(1) 87.97(16) S(8)-C(7)-C(6) 108.0(15) 
S(11)-Ir(1)-C1(2) 85.51(16) S(8)-C(9)-C(10) 105.0(13) 
Cl(1)-Ir(1)-Cl(2) 91.02(16) S(11)-C(10)-C(9) 107.4(14) 
Ir(1)-S(1)-C(2) 99.9(7) S(1 1)-C(12)-C(13) 120.4(15) 
Ir(1)-S(1)--C(14) 110.0(6) C(12)-C(13).-C(14) 116.3(17) 
C(2)-S(1)-C(14) 104.8(9) S(1)-C(14)-C(13) 106.5(12) 
Ir(1)-S(4)-C(3) 103.4(7) 
Table 3 
Torsion angles (degrees) with standard deviations 
S(4)-Ir(1)-S(1)-C(2) 25.7(7) S(1)-Ir(1)-S(1 1)-C(12) 23.7(7) 
S(4)-Ir(1)-S(1)--C(14) 135.5(6) S(4)-Ir(1)-S(11)-C(10) 139.5(13) 
S(8)-Ir(1)-S(1)-C(2) 124.8(7) S(4)-Ir(1)-S(1 1)-C(12) -114.0(13) 
S(8)-Ir(1)--S(1)-C(14) -125.4(6) S(8)-Ir(1)-S(1 1)-C(10) 3.1(7) 
S(1 1)-Ir(1)-S(1)-C(2) -149.1(7) S(8)-Ir(1).-S(1 1)-C(12) 109.6(7) 
S(1 1)-Ir(1)-S(1)-C(14) - 39.3(6) Cl(1)-Ir(1)-S(1 1)-C(10) - 173.8(7) 
Cl(1)-Ir(1)-S(1)-C(2) - 61.0(7) Cl(1)-Ir(1)-S(1 1)-C(12) - 67.3(7) 
Cl(1)-Ir(1)--S(1)-C(14) 48.8(6) Cl(2)-Ir(1)-S(1 1)-C(10) 95.0(7) 
Cl(2)-Ir(1).-S(1)-C(2) 66.0(24) Cl(2)-Ir(1)-S(1 1).-C(12) -158.5(7) 
C1(2)-Ir(1)--S(1)-C(14) 175.8(22) Ir(1)-S(1)-C(2)-C(3) - 55.6(13) 
S(1)-Ir(1)-S(4)-C(3) 3.7(7) C(14)-S(1)-C(2)-C(3) - 169.5(12) 
S(1)-Ir(1)-S(4)-C(5) 112.6(9) Ir(1)-S(1)-C(14)-C(1 3) 67.0(12) 
S(8)- Ir(1)-S(4)-C(3) - 82.4(7) C(2)-S(1)-C(14)-C(13) 173.6(12) 
S(8)-Ir(1)-S(4)-C(5) 26.5(9) Ir(1)-S(4)-C(3)-C(2) - 40.6(14) 
S(1 1)-Ir(1)-S(4)-C(3) 141.9(13) C(5)-S(4)-C(3)-C(2) -156.3(14) 
S(1 1)-Ir(1)-S(4)-C(5) -109.3(14) Ir(1)-S(4)-C(5)-C(6) -41.8(20) 
Cl(1)-Ir(1)-S(4)-C(3) 95.1(7) C(3)-S(4)-C(5)-C(6) 67.9(20) 
C1(1)-Ir(1)-S(4).-C(5) -156.0(9) Ir(1)-S(8)-C(7)-C(6) 60.6(15) 
CI(2)-lr(1)-S(4)-C(3) -173.8(7) C(9)-S(8)-C(7)-C(6) 170.7(14) 
Cl(2)-Ir(1)-S(4)-C(5) -64.9(9) Ir(1)-S(8)-C(9)-C(10) -56.7(13) 
S(1)-Ir(1)-S(8)-C(7) - 125.0(7) C(7)-S(8)-C(9)-C(10) - 171.7(13) 
S(1 )- Ir(1)-S(8)-C(9) 124.7(7) Ir(1)-S(1 1)-C(10).-C(9) -37.2(14) 
S(4)-Ir(1)-S(8)-C(7) -37.5(7) C(12)-S(1 1)-C(10)-C(9) - 151-8(14) 
S(4)-Ir(1).-S(8)-.C(9) -147.8(7) Ir(1)-S(11)-C(12)-C(13) - 37.5(18) 
S(1 I )-Ir(1)--S(8)-C(7) 137.1(7) C(10)-S(1 I)-C(12)-C(13) 70.9(18) 
S(1 1)-lr(1 )-S(8)-C(9) 26.8(7) S(1)-C(2)-C(3)-S(4) 64.7(14) 
Cl(1 )- Ir(1)-S(8)-C(7) 166.5(16) S(4)-C(5)-C(6)--C(7) 72.1(25) 
Cl(1 )- lr(l)-S(8)-C(9) 56.3(17) C(5)-C(6)-C(7)-C(8) -81.6(22) 
Cl(2)-lr(1)-S(8)-C(7) 51.7(7) S(8)-C(9)-C(10)-S(1 1) 62.1(15) 
Cl(2)- lr(1)-S(8)-C(9) -58.6(7) S(1 1)-C(1 2)-C(1 3)-C(14) 70.0(22) 
S(l)-Ir(I)-S(11)-C(10) -82.8(7) C(12)-C(13)-C(14)-S(1) -84.5(18) 
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Table 4 
Atomic coordinates with esds 
x y z U o 
Ir(1) -0.13020(4) 0.0000 -0.16511(3) 0.0389(3) 
S(1) -0.3025(3) -0.0714(4) -0.2598(3) 0.0541(24) 
S(4) - 0.0928(4) - 0.1606(4) - 0.0762(3) 0.062(3) 
S(8) - 0.0728(4) - 0.0509(4) - 0.2896(3) 0.0557(25) 
S(11) - 0.1573(4) 0.1766(4) - 0.2355(3) 0.068(3) 
C1(1) -0.2034(4) 0.0680(4) -0.0461(3) 0.078(3) 
C1(2) 0.0556(3) 0.0628(4) - 0.0661(3) 0.069(3) 
 -0.3221(16) -0.1701(16) - 	 -0.1698(15) 0.083(13) 
 -0.2142(15) -0.2433(15) -0.1396(15) 0.074(12) 
 0.0160(18) -0.2353(18) -0.0949(18) 0.096(7) 
 0.0163(20) - 0.2421(17) - 0.1955(19) 0.106(18) 
 0.0491(16) -0.1359(16) -0.2423(16) 0.083(14) 
 -0.0203(15) 0.0734(15) -0.3208(13) 0.075(13) 
 -0.1231(16) 0.1579(19) -0.3481(16) 0.094(16) 
 - 0.3068(17) 0.2095(16) - 0.2922(14) 0.084(14) 
 -0.3900(15) 0.1239(19) -0.3451(14) 0.084(14) 
 -0.4121(12) 0.0311(13) -0.2789(13) 0.071(13) 
B(1) - 0.7682(12) 0.0237(13) - 0.5127(10) 0.044(4) 
 -0.6589(5) 0.0257(10) -0.6377(5) 0.054(4) 
 -0.6517(5) 0.0128(10) -0.7309(5) 0.064(4) 
 -0.7481(5) -0.0152(10) -0.8130(5) 0.076(5) 
 -0.8517(5) -0.0304(10) -0.8019(5) 0.055(4) 
 -0.8589(5) -0.0175(10) -0.7087(5) 0.054(4) 
 -0.7625(5) 0.0105(10) -0.6267(5) 0.043(3) 
 -0.9666(6) -0.0705(5) -0.5299(7) 0.042(3) 
 - 1.0838(6) - 0.0678(5) - 0.5545(7) 0.058(4) 
 -1.1419(6) 0.0322(5) -0.5778(7) 0.057(4) 
 -1.0828(6) 0.1295(5) -0.5765(7) 0.056(4) 
 -0.9657(6) 0.1268(5) -0.5519(7) 0.045(3) 
 -0.9076(6) 0.0268(5) -0.5286(7) 0.043(3) 
 -0.6310(9) -0.1535(9) -0.4643(6) 0.059(4) 
 -0.5816(9) -0.2434(9) -0.4038(6) 0.064(4) 
 -0.6062(9) - 0.2644(9) -0.3193(6) 0.063(4) 
 - 0.6802(9) - 0.1954(9) - 0.2953(6) 0.072(5) 
 -0.7296(9) -0.1054(9) -0.3559(6) 0.060(4) 
 -0.7050(9) -0.0845(9) -0.4404(6) 0.046(3) 
 -0.6820(9) 0.1565(7) -0.3568(6) 0.064(4) 
 - 0.6334(9) 0.2549(7) -0.3108(6) 0.069(5) 
 -0.6144(9) 0.3405(7) -0.3669(6) 0.067(4) 
 -0.6439(9) 0.3277(7) -0.4692(6) 0.072(5) 
 - 0.6925(9) 0.2293(7) -0.5152(6) 0.059(4) 
 -0.7116(9) 0.1437(7) -0.4590(6) 0.045(3) 
Data collection and processing. 	Stoe-Siemens AED2 four-circle diffractometer, 
graphite-monochromated MOKa X-radiation, -9 scans with w scan width (1.4 + 
0.35 tan O)°, 2882 reflections measured (20max 450 h - 13 -* 12, k 0 - 13, 1 
0 - 14), giving 2508 with F~. 6a(F) for use in subsequent calculations. No 
significant crystal decay was observed. 
Structure analysis and refinement. The Ir position was located from a Patterson 
synthesis and input to DIRDIF [17], which located the Cl and S atoms. Iterative 
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least-squares refinements and difference Fourier syntheses [18] located all other 
non-H atoms. At isotropic convergence, final correction for absorption was made 
using DIFABS [19]. (An initial absorption correction was made using 48 'I' scans 
(max. transmission factor = 0.2382, mm. = 0.2022)). Anisotropic thermal parameters 
were refined for Ir, S, Cl, and C atoms of the cation. H atoms were included at 
calculated positions [18]. Phenyl groups of the BPh 4 counter-ions were refined as 
rigid groups. The absolute configuration of the structure was not easy to establish 
with certainty as both hands refined well to essentially the same R-factors. The 20 
reflections were selected with the greatest discrimination factor, defined as D = 
F1 F2  I sin2(41 - 02)/l F I where subscripts 1 and 2 refer to structure factors 
calculated for the Ir atoms and for the other atoms respectively. For the- fully 
refined data sets, these 20 data gave R = 0.032 for the hand chosen, and 0.049 for 
the opposite hand. More strikingly, bond lengths to Ir are much less consistent in 
the less favoured hand, the Ir—S lengths being more divergent, and the Jr—Cl lengths 
being much shorter. The weighting scheme w 1 = 2 (F) + 0.002572 F 2  gave satis-
factory analyses. At convergence, R, R,,  = 0.0363 and 0.0509 respectively for 205 
parameters, S = 1.137. The maximum and minimum residues in the final z.XF 
syntheses were +0.67 and - 0.64 eA respectively. Illustrations were prepared by 
use of ORTEP [20] and molecular geometry calculations by use of CALC [21], 
scattering factor data were taken from ref. 22. Bond lengths, angles, torsion angles 
and fractional coordinates are given in Tables 1-4. 
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Abstract 
Reaction of [Fe(C 5 H 5 )I(CO) 2 ] with one molar equivalent of L (L = 1,4,7-
trithiacyclononane) affords the complex cation [Fe(C 5 H 5 )(L)] in high yield. Crystals 
of [Fe(C5 H 5 )(L)]BPh 4 are monoclinic, space group P21 1c, with a 15.0461(14), b 
10.5866(12), c 19.8032(18) A, $ 100.205(9) 0 , V 3104.48 A3 , Dc 1.327 g cm 3 , Z = 4. 
The single crystal X-ray structure of the complex shows octahedral Fe" with the 
carbocyclic and macrocyclic ligands bound facially to the metal centre, Fe—S(1) 
2.2100(18), Fe—S(4) 2.2053(19), Fe—S(7) 2.2078(19), Fe—C 2.007(12)-2.112(12) A. 
Two orientations of the C 5 H 5 ring are observed. [Fe(C 5 H 5 )(L)]PF6 shows a reversi-
ble one-electron Fe" couple at E112 = + 0.44 V vs. Fc/Fc in CH 3CN at 
platinum electrodes. Coulometry confirms that the oxidation is a one-electron 
process. The Fe" complex has been characterised by ESR and UV-visible spec-
troscopy. 
Introduction 
Coordination complexes of thioether macrocyclic ligands are the subject of 
particular current interest in view of their unusual stereochemical, electronic and 
redox properties [1-7]. We are particularly interested in developing the coordination 
chemistry of small ring tndentate macrocycles, such as 1,4,7-trithiacyclononane (L), 
1 ,4,7-triazacyclononane and 1 ,4,7-trimethyl-1 ,4,7-triazacyclononane towards the 
synthesis of redox-active piano-stool complexes of the type [M(L)(X)(Y)(Z)] 
(X,Y,Z = neutral or anionic ligands) [1]. As a start to this study, we report herein 
the synthesis, structure and electrochemistry of the mixed-sandwich complex cation 
[Fe(C5 H 5 )(L)It 
To date the only reported Fe complexes of 1,4,7-trithiacyclononane (L) are the 
bis-sandwich species [Fe(L)2 ]2 +/3 + and [Fe(L)(L' )12+/3+  (L' = I ,4,7-trithiacyclono-
nane-1-oxide) E8,91. The low-spin complex [Fe(L) 2 ] 2 shows a particularly anodic 




( L ) 	 (L') 
Fe" couple (E, 12  +0.98 V vs. Fc/Fc) [8,9]; a similar stabilisation of the d 6 
M" centre has also been noted for the Ru" analogue [Ru(L) 2 ] 2 (El/2 +1.41 V vs. 
Fc/Fc) [10,11]. We were particularly interested in assessing the stereochemical 
analogy between carbocycic moieties such as ari and cyclopentadienyl ligands and 
the nine-membered ring tridentate macrocyles; the ability of these ligand systems to 
bind facially to octahedral metal centres is well documented [1]. We have initiated 
this study by investigating mixed-sandwich complexes incorporating both carbo-
cyclic and macrocyclic ligands. 
Results and discussion 
Reaction of [Fe(C 5 H 5 )I(CO) 2 1 with one molar equivalent of 1,4,7-trithiacyclo-
nonane (L) in refluxing CH 3CN under N2 affords the complex cation 
[Fe(C5 H 5 )(L)Jt The 'H NMR spectrum of [Fe(C 5 H 5 )(L)]BPh 4 confirms a 
Cp: L: BPh 4  ratio of 1 1 1, with the proton resonances of the methylene protons 
giving a complex ABCD pattern centred at 2.45 ppm (Fig. 1). The 13 C NMR 
spectrum of the product showed only two resonances, at 8 35.61 and 74.34 ppm, 
assigned to the carbon centres of the coordinated thioether and carbocycle, respec-
tively, indicating symmetrical coordination of these moieties to Fe". The fast atom 
bombardment mass spectrum of the complex shows a positive ion peak at M = 301, 
with the correct isotopic distribution, corresponding to [Fe(C 5 H 5 )(L)]. No other 
peaks were observed at higher mass units. These data, together with elemental 
analyses, confirmed the formation of [Fe(C 5 H 5 )(L)]t 
In order to monitor the stereochemical and conformational features of the 
complex we undertook a crystallographic study. Single crystals of [Fe(C 5 H 5 )(L)]BPh 4 
were grown by diffusion of Et 20 vapour into a solution of the complex in CH 3 CN. 
A view of the cation is shown in Fig. 2. The single crystal X-ray structure confirms 
2.75 	2.5 	2.25 ppm 
Fig. 1. 'I-I NMR spectrum (80 MHz, CD 3 NO 2 , 293 K) of [Fe(C5H5)(L)]. 
S 
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Fig. 2. Single crystal X-ray structure of [Fe(C 5 H 5 )(L))BPh 4 with numbering scheme adopted. Only one of 
the two C 5 H 5 ring orientations is shown. 
the facial coordination of the thioether and carbocyclic ligands to Fe", Fe—S(1) 
2.2100(18), Fe—S(4) 2.2053(19), Fe—S(7) 2.2078(19) A. Interestingly, the planar 
cycl open tadienyl moiety is disordered over two equally populated orientations: the 
two C5 rings are essentially coplanar but are twisted by 6.18° with respect to each 
other. This is reminiscent of the disorder observed for the cyclopentadienyl rings in 
the high temperature solid-state structure of ferrocene [12]. An angle of ca. 3.15 ° is 
observed between the S(1)—S(4)—S(7) and C 5 planes in both orientations of the 
C 5 H 5 ligand in the [Fe(C5 H 5 )(L)] cation. 
Cyclic voltammetry of [Fe(C 5 H 5 )(L)]PF6 shows a reversible one-electron Fe" 
couple at + 0.44 V. vs. Fc/Fc, LtE 63 mV. in CH 3CN at platinum electrodes 
(Fig. 3). Coulometry confirms that the reduction is a one-electron process. The value 
for this redox process is intermediate between that of [Fe(L) 2 ] 2 [8,9] and ferrocene 
itself, and reflects the destabilisation of the Fe" oxidation state by (L) relative to 
the cyclopentadienyl ligand. 
Controlled potential electrolysis of [Fe(C 5 H 5 )(L)] at +0.67 V in CH 3CN at a 
platinum gauze affords the Fe" complex [Fe(C 5 H 5 )(L)] 2 , the ESR spectrum of 
which (measured at 77 K as a CH 3 CN glass) shows an anisotropic signal with 
9 1 = 2.177, 92 = 2.023, 93  = 1.972. The UV-vis spectrum of [Fe(C 5 H 5 )(L)] in 
CH 3CN shows absorption bands at X max  456 nm (max  263 M' cm'), 371 (351), 
266 (9,620) and 222 (18,120). Conversion of Fe" into Fe" can be seen to occur 
isosbestically (A 10 290 nm) when an optically transparent thin layer electrode 
system is used; this is accompanied by a decrease in intensity of the band at 266 nm 
to max 7,930 M' cm, and the growth of a shoulder at A max  312 nm. These 
results suggest that the absorption band at 266 nm is predominantly a metal-to-ligand 
charge transfer transition. 
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0 	+0.2 	+0.4 	+0.6 	+0.8V vs Ed Fc 
Fig. 3. Cyclic voltammogram of [Fe(C 5 H 5 )(L)]PF6 in CH 3 CN (0.1 M r1B u4 NPF6 ) at platinum electrodes 
at 273 K. 
Current work is aimed at the development of organometallic alkyl and hydrido 
complexes of Fe" and Ru" with L. 
Experimental 
Infrared spectra were recorded as Nujol mulls, KBr and CsI discs on a 
Perkin-Elmer 598 spectrometer over the range 200-4000 cm -1 . UV-visible spectra 
were measured in quartz cells using Perkin-Elmer Lambda 9 and Pye Unicam 
SP8-400 spectrophotometers. Microanalyses were performed by the Edinburgh 
University Chemistry Department microanalytical service. ESR spectra were re-
corded as solids or as frozen glasses down to 77 K using a Bruker ER200D X-band 
spectrometer. Electrochemical measurements were performed on a Bruker. E310 
Universal Modular Polarograph. All readings were taken with a three-electrode 
potentiostatic system in acetonitrile containing 0.1 M 11 Bu 4 NPF6 or n  Bu 4 BF4 as 
supporting electrolyte. Cyclic voltammetric measurements were carried out with a 
double platinum electrode and a Ag/AgC1 reference electrode. All potentials are 
quoted versus ferrocene/ ferrocinium, Fc/Fc . Electron impact mass spectra were 
recorded on a Kratos MS 902, and FAB spectra on a Kratos MS 50TC spec-
trometer. 
Table 1 
Bond lengths (A) with standard deviations 
Fe(1)-S(1) 2.2100(18) Fe(1)-C(9R) 2.079(11) 
Fe(l)-S(4) 2.2053(19) Fe(1)-C(IOR) 2.091(11) 
Fe(l)-S(7) 2.2078(19) S(1 )-C(2) 1.826(7) 
Fe(1)-C(IR) 2.100(12) S(1)-C(9) 1.830(6) 
Fe(l)-C(2R) 2.112(12) S(4)-C(3) 1.835(7) 
Fe(l)-C(3R) 2.069(12) S(4)-C(5) 1.832(7) 
Fe(l )-C(4R) 2.042(12) S(7)-C(6) 1.842(7) 
Fe(1)-C(5R) 2.007(12) S(7)-C(8) 1.826(7) 
Fe(l)-C(6R) 2.077(11) C(2)-C(3) 1.498(9) 
Fe(1)-C(7R) 2.051(11) C(5)-C(6) 1.512(10) 
Fe(1)-C(8R) 2.024(11) C(8)-C(9) 1.501(9) 
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Table 2 
Angles (degrees) with standard deviations 
S(1)-Fe(1)-S(4) 90.47(7) Fe(1 )-S(7)-C(6) 106.32(23) 
S(1)-Fe(1)-S(7) 90.50(7) Fe(1 )-S(7)-C(8) 103.54(22) 
S(4)-Fe(1 )-S(7) 90.84(7) C(6)-S(7)-C(8) 100.9(3) 
Fe(1)-S(1)-C(2) 103.69(21) S(1)-C(2)-C(3) 112.5(5) 
Fe(1)-S(1)-C(9) 105.97(21) S(4)-C(3)-C(2) 111.1(5) 
C(2)-S(1)-C(9) 99.5(3) S(4)-C(5)-C(6) 112.9(5) 
Fe(1)-S(4)-C(3) 106.06(22) S(7)-C(6)-C(5) 110.1(5) 
Fe(1)-S(4)-C(5) 102.91(24) S(7)-C(8)-C(9) 112.5(5) 
C(3)-S(4)-C(5) 101.1(3) S(1)-C(9)-C(8) 111.0(4) 
Synthesis of [Fe(C5 H5)(L)]PF6 
Reaction of [Fe(C 5 H 5 )I(CO) 2 ] (0.067 g, 2.22 X 10 4 mol) with one molar - equiv-
alent of L (0.04 g, 2.22 x 10" mol) in refluxing CH 3CN under N2 for 5 h afforded 
a deep red solution. The solvent was removed in vacuo and the solid product, 
[Fe(C5 1-1 5 )(L)JI, redissolved in MeOH. Addition of excess of NH 4 PF6 afforded a 
red precipitate, which was collected and recrystallised from CH 3 NO2 to give 
[Fe(C5 H 5 )(L)]PF6 (0.065 g, 66%). 
Elemental analysis: found: C, 29.7; H, 3.9; S, 22.1. [Fe(C 5 H 5 )(L)]PF6 calcd.: C, 
29.6; H, 3.8; S, 21.6%. Infrared spectrum (KBr disc): 3120, 1415, 1000, 440 cm -1 
(C5 1-1 5 ); 2960, 2940, 1445, 1415, 1290, 1170, 1120, 955, 910, 670, 410cm (L); 840, 
555cm' (PF6 ). UV-vis spectrum (MeCN): 'max  456 nm (max  263 M' cm'), 
371 (351), 266 (9,620), 222 (18,120). 13 C NMR spectrum (CD 3 CN, 293 K, 50.32 
MHz): 6 74.34 (CH, C5 H 5 ), 35.61 ppm (CH 2 , L). Elemental analysis: found: C, 
30.2; H, 4.1. [Fe(C 5 H 5 )(L)]I calcd.: C, 30.9; H, 4.0%. 
Synthesis of /Fe(C 5 H5 )(L)]BPh 4 
Replacement of NH 4 PF6 by NaBPh 4 in the above preparation afforded the 
corresponding BPh 4 salt. FAB mass spectrum: found M = 301; calculated for 
[Fe(C5 H 5 )(L)] M = 301 (with correct isotropic distribution). 'H NMR spectrum 
(CD3CN, 298 K, 200 MHz): 6 6.8-7.4 (BPh 4 , 20H, m), 4.8 (C5 115, 5H, s), 2.45ppm 
(CH2 , 12H, m). 
Table 3 











X-Ray structure determination of [Fe(C5 H5)(L)JBPh 4 
A red crystal (0.46 X 0.46 X 0.35 mm) suitable for X-ray analysis was obtained by 
isothermal distillation of Et 20 into a solution of the complex in CH 3CN. 
Crystal data. C35 H 37 BFeS3 , monoclinic, M = 620.51, space group P21 1c, with 
a 15.0461(14), b 10.5866(12), c 19.8032(18) A, $ 100.205(9)°, V 3104.48 A3 (from 20 
Table 4 
Fractional coordinates of atoms with standard deviations 
X .Y Z Ueq 
Fe(1) 0.66556(5) 0.25728(8) 0.06238(4) 0.0387(5) 
S(1) 0.80945(10) 0.27927(15) 0.05457(8) 0.0398(9) 
S(4) 0.69806(11) 0.28926(17) 0.17408(8) 0.0477(10) 
S(7) 0.68452(11) 0.05177(16) 0.07753(9) 0.0458(10) 
 0.8588(4) 0.3555(6) 0.1352(3) 0.048(4) 
 0.8213(4) 0.3050(7) 0.1951(3) 0.053(4) 
 0.6819(5) 0.1327(7) 0.2094(4) 0.062(5) 
 0.7183(5) 0.0272(6) 0.1706(3) 0.055(5) 
 0.7910(4) 0.0207(6) 0.0484(4) 0.052(5) 
 0.8598(4) 0.1222(6) 0.0698(3) 0.044(4) 
C(1 R) 0.5294(8) 0.2304(11) 0.0182(7) 0.049(5) 
C(2R) 0.5800(8) 0.2269(11) -0.0329(7) 0.042(5) 
C(3R) 0.6247(8) 0.3399(11) -0.0327(7) 0.045(5) 
C(4R) 0.6008(8) 0.4139(11) 0.0180(7) 0.065(5) 
C(5R) 0.5453(8) 0.3442(11) 0.0517(7) 0.075(9) 
C(6R) 0.6311(6) 0.4068(12) -0.0051(6) 0.049(4) 
C(7R) 0.6017(6) 0.2948(12) - 0.0359(6) 0.056(4) 
C(8R) 0.5431(6) 0.2406(12) 0.0014(6) 0.069(5) 
C(9R) 0.5335(6) 0.3219(12) 0.0538(6) 0.047(6) 
C(10R) 0.5892(6) 0.4235(12) 0.0504(5) 0.049(4) 
B(1) 0.7788(4) 0.7415(7) 0.3565(3) 0.032(4) 
 0.78237(25) 0.7785(4) 0.43962(14) 0.037(4) 
 0.70570(25) 0.7574(4) 0.46866(14) 0.043(4) 
 0.70930(25) 0.7755(4) 0.53888(14) 0.050(4) 
 0.78959(25) 0.8145(4) 0.58006(14) 0.059(5) 
 0.86626(25) 0.8356(4) 0.55102(14) 0.054(5) 
 0.86265(25) 0.8175(4) 0.48081(14) 0.046(4) 
 0.80405(25) 0.5869(3) 0.36145(19) 0.035(4) 
 0.73732(25) 0.4940(3) 0.34974(19) 0.043(4) 
 0.76012(25) 0.3675(3) 0.36262(19) 0.059(5) 
' 0.84964(25) 0.3338(3) 0.38723(19) 0.066(5) 
 0.91637(25) 0.4267(3) 0.39894(19) 0.060(5) 
 0.89357(25) 0.5532(3) 0.38606(19) 0.044(4) 
 0.85276(23) 0.8251(3) 0.32009(17) 0.032(4) 
C( 14') 0.88915(23) 0.7713(3) 0.26673(17) 0.036(4) 
 0.94320(23) 0.8436(3) 0.23119(17) 0.046(4) 
 0.96086(23) 0.9698(3) 0.24899(17) 0.044(4) 
 0.92447(23) 1.0236(3) 0.30235(17) 0.044(4) 
 0.87042(23) 0.9513(3) 0.33789(17) 0.041(4) 
 0.67958(21) 0.7741(4) 0.30644(17) 0.037(4) 
 0.65231(21) 0.7067(4) 0.24580(17) 0.047(4) 
C(2 1') 0.57296(21) 0.7399(4) 0.20155(17) 0.060(5) 
 0.52089(21) 0.8406(4) 0.21795(17) 0.067(6) 
 0.54817(21) 0.9081(4) 0.27859(17) 0.061(5) 
 0.62752(21) 0.8748(4) 0.32283(17) 0.048(4) 
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values of 36 reflections measured at ± w (20 24-26°, A = 0.71073 A)], Dc 1.327 g 
cm - ', Z = 4; F(000) = 1304, p. 6.70 cm'. 
Data collection and processing. Stoe-Siemens AED2 four-circle diffractometer, 
MOKa  X-radiation, w-20 scans with w scan width (0.80 + 0.347 tan 0)°, 4138 
reflections measured to 20 45°, giving 2519 with F>, 6a(F). No significant crystal 
decay, no absorption correction. 
Structure analysis and refinement. The Fe and S atoms were located by direct 
methods [13] followed by iterative least-squares refinement and difference Fourier 
synthesis [14] to locate all other non-H atoms. Anisotropic thermal parameters were 
refined for all Fe, 5, B and C atoms except those of the disordered cyclopentadienyl 
ring: two orientations of this ring were modelled successfully by refinement as 
planar rigid groups with C-C distances of 1.373 A and C-C-C angles of 108°. H 
atoms on the macrocycle, on the BPh 4 counter-ion and on both orientations of the 
cyclopentadienyl ring were included in fixed, calculated positions [14]. The weight-
ing scheme w = + 0.00058F 2 gave satisfactory analyses. At convergence, 
R,R = 0.0484 and 0.0598 respectively for 291 parameters, S = 1.166. The maxi-
mum and minimum residues in the final A F syntheses were 0.39 and -0.38 eA 
respectively. Illustrations were prepared using ORTEP [15], molecular geometry 
calculations utilised CALC [161, and scattering factor data were taken from ref. 17. 
Bond lengths, angles, torsion angles and fractional coordinates are given in Tables 
1-4. Lists of thermal parameters, hydrogen atom coordinates, and observed and 
calculated structure factors are available from the author. 
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RESULTS AND DISCUSSION 
Reaction of HgSO 4 with 2 molar equivalents of 
[9]aneS 3 in refluxing H 20-MeOH (1: 1 v/v) for 1 h 
gave a colourless solution. Addition of NH 4PF 6 
afforded a white product which was recrystallized 
from H 20. On the basis of elemental -analysis and 
spectroscopic data the complex was -assigned as - 
[Hg([9]aneS 3) 2](PF 6) 2 . The 'H NMR spectrum of 
[Hg([9]aneS ) 2](PF 6) 2 showed a characteristic 
ABCD pattern for the methylene protons of the 
macrocyclic ligands (Fig. 1). The ' 3C NMR spec-
trum of [Hg([9)aneS3)2 ]21  showed a single res-
onance at 6 = 26.6 ppm assigned to the methylene 
carbon atoms of[9]aneS 3 . These data indicated the 
presence of a single product in solution, with two 
equivalent [9]aneS 3 ligands bound facially to the 
mercury(II) centre. A single crystal X-ray struc-
ture determination was undertaken to confirm the 
stereochemistry of the complex cation. 
Crystals of [Hg([9]aneS ) 2J(PF 6) 2 were obtained 
from H 20. A view of the cation is shown in Fig. 2. 
The single crystal X-ray structure of the complex 
shows a centrosymmetric complex cation: the mer -
cury(II) cation occupies a crystallographic inver-
sion centre with all six thioether donors coordinated 
to it. Interestingly, the Hg—S distances are not 
identical: two are significantly shorter (Hg—
S(4) = 2.638(3) A) than the remaining four (Hg—
S(1) = 2.728(3), Hg—S(7) = 2.712(3) A, LS(l)Hg 
S(4) = 82.64(9), LS(l)HgS(7) = 81.01(8), LS(4)Hg 
S(7) = 82.86(9)°), indicating a small but significant 
13 	 12 	 31 	 30 	 29 
ppm 
Fig. I. 'H NMR spectrum (360 MHz, CD 3CN, 298 K) of 
[Hg([9]aneS 3)2 121. 
Fig. 2. Single crystal X-ray structure of [Hg([9]aneS 3 ) 21 2 f 
with numbering scheme adopted. 
tetragonal compression for the cation. The related 
d' ° complex, [Ag([9]aneS 3)], also shows hexathia 
coordination, with Ag—S bond lengths varying 
from 2.6665(12) to 2.78 13(10) A, LSAgS = 
80.35(3), 77.43(3)°. The mercury(II) and silver(I) 
complexes, therefore, show similar structural 
features, with the silver(I) species incorporating 
slightly longer M—S bond lengths reflecting the 
larger ionic radius of silver(I) over mercury(II) 
(1.15 vs 1.02 A' 6). The structural features for 
these silver(I) and mercury(II) complexes may 
be interpreted as a compromise between the 
tendency of second- and particularly third-row d' ° 
metal ions to adopt linear coordination, and the 
preference of[9]aneS 3 for facial binding: in the case 
of mercury(II) and silver(1) the latter appears to 
dominate. 
Interestingly, d' ° gold(I), which has a particularly 
strong preference for linear coordination, only 
binds four thioether donors in [Au([9]aneS 3) 2], 
(Au—S = 2.302(6), 2.350(7), 2.733(8), 2.825(8) A) 
to give a structure that is a combination of linear 
and tetrahedral coordination at gold(I). 5 This con-
trasts with the recently reported structure of 
[Zn([9]aneS 3 ) 2] 2 where there is no significant vari-
ation in Zn—S bond these occupy a nar-
row range (2.491(3)-2.497(3) A) consistent with the 
tight coordinative fit of octahedral zinc(II) with 
facially binding [9]aneS 3 . 
Cyclic voltammetry of [Hg([9]aneS3)2 ]21  shows a 
chemically reversible reduction at E, 12 = -0.15 V 
(AE 9 = 80 mV) vs Fc/Fc at a scan rate of 90 mV 
s' (Fig. 3). Coulometry at 298 K in CH 3CN (0.1 
M BuN 4PF 6) at platinum electrodes shows the 
reduction to be a two-electron process. However, 
no stable mercury(1) or mercury(0) species could be 
isolated under these conditions, with decomposition 
of the reduction products occurring in solution. The 
parent mercury(11) complex could not be regen-
erated from the reduced solution. 
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V vs F/Fc 
Fig. 3. Cyclic voltammogram of [Hg([9]aneS 3) 2](PF 6) 2 in 
CH 3CN (0.1 M Bu 4NPF6) at platinum electrodes. Scan 
rate =90 mV s', 298 K. 
Synthesis of [Hg([9]aneS 3) 2](PF 6) 2 
HgSO 4 (0.1 g, 0.34 mmol) was treated with 
[9]aneS 3 (0.13 g, 0.72 mmol) in H 20-MeOH (30 
cm 3, 1: 1 v/v) under reflux for I h. Addition of 
excess NH 4PF6 to the resulting solution afforded a 
white precipitate, which was collected and recrys-
tallized from water to give [Hg([9]aneS 3) 2](PF6) 2 
(0.18 g, 62% yield). Found: C, 16.7; H, 2.91. CaIc. 
for [Hg([9]aneS 3) 2](PF 6) 2 : C, 16.8; H, 2.90%. 'H 
NMR spectrum (360 MHz, C13 3CN, 293 K): 
5= 3.06 ppm (C!!2, m). ' 3C NMR spectrum (50.32 
MHz, CD 3CN, 293 K): 6 = 26.6 ppm (CH 2). 
We can only speculate at the binding charac-
teristics of [9]aneS 3 with d' °s' mercury(I) and/or 
d' °s 2 mercury(0). Our previous work has shown 
that [9]aneS 3 binds to gold(I) rather weakly, with 
the complex [Au([9]aneS 3) 2] being highly labile 
and reactive in solution. Binding of[9]aneS 3 to mer-
cury(I) and mercury(0) would be expected to be 
weaker than with gold(1), explaining the ready 
decomposition of these low valent mercury com-
plexes in solution. Work is underway to try to sta-
bilize these species at lower temperatures and in 
alternative solvents. 
EXPERIMENTAL 
IR spectra were measured as Nujol mulls, KBr 
and Cs! discs using a Perkin-Elmer 598 spec-
trometer over the range 200-4000 cm -' . UV-vis 
spectra were measured in quartz cells using Perkin-
Elmer Lambda 9 and Pye Unicam SP8-400 spec-
trophotometers. Microanalyses were performed by 
the Edinburgh University Chemistry Department 
microanalytical service. ESR spectra were recorded 
as solids or as frozen glasses down to 77 K using a 
Bruker ER200D X-band spectrometer. Electro-
chemical measurements were performed on a 
Bruker E310 Universal Modular Polarograph. All 
readings were taken using a three-electrode poten-
tiostatic system in acetonitrile containing 0.1 M 
Bu 4NPF 6 or Bu 4NBF 4 as the supporting elec-
trolyte. Cyclic voltammetric measurements were 
carried out using a double platinum electrode and 
an Ag/AgCl reference electrode. All potentials are 
quoted versus ferrocene/ferrocinium (Fc/Fc ). 
Mass spectra were obtained by electron impact on 
a Kratos MS 902 and by fast atom bombardment 
on a Kratos MS 50TC spectrometer. H NM R spec-
tra were recorded at 200 and 360 MHz on Bruker 
WP200 and WH360 spectrometers respectively. 
NMR spectra were recorded at 50.32 MHz on a 
Bruker WP200 spectrometer. 
X-ray structure determination of [Hg([9]aneS 3)2] 
(PF 6) 2 1H 20 
A colourless lath (1.00 x 0.173 x 0.078 mm) suit-
able for X-ray analysis was obtained by recrys-
tallization from hot water. 
Crystal data. C, 2H 24S 6Hg 2 2PF 
monoclinic, space group 121a (a non-standard 
setting of C21c, No. 15), M = 857.2, with a= 
11.8667(10), b = 15.1631(23), c = 14.454(4) A, 
= 90.224(19)°, V = 2600.7 A 3, D = 2.18 gcm 3 , 
[from 20 values of 20 reflections measured at 
±w (20 =30-+32', =0.71073 A)], Z =4; 
F(000) = 1647, IL(MOK a) = 65.37 cm' 
Data collection and processing. Stoë STADI-4 
four-circle diffractometer, w-20 scans with w scan 
width (1.40 + 0.347 tan 0)0 , 1722 unique reflections 
measured (20ma. = 45°, h -12 - 12, k 0 . 14, / 
0 .-+ 15) giving 1236 with F 6cr(F). Initial absorp-
tion correction based on 72'{' scans (minimum 
and maximum transmission factors: 0.1036 
and 0.1644, respectively). Correction for linear, 
isotropic crystal decay (ca 25%) applied during 
data reduction. 
Structure analysis and refinement. The mercury 
atom was located from a Patterson synthesis. Iter-
ative rounds of least-squares refinement and differ-
ence Fourier synthesis" located all other non-
hydrogen atoms. At isotropic convergence, final 
corrections for absorption were made using 
DIFABS.' 8 Anisotropic thermal parameters were 
refined for mercury, sulphur, phosphorus and the 
carbon atoms of the cation, and for the two fully 
occupied fluorine atoms of the disordered PF 
ions. Partial occupancies were refined for all other 
fluorine atoms using fixed isotropic thermal par-
ameters W, = 0.10/0.15). Hydrogen atoms were 
included in fixed, calculated positions.' 7 The 
weighting scheme w' = cr 2(F)+0.00033 IF 2 gave 
satisfactory agreement analyses. At convergence, R, 
R,, = 0.0421 and 0.0539, respectively, for 156 
2044 A. J. BLAKE et al. 
Table I. Bond lengths (A) with standard deviations 
Hg-S(1) 2.728(3) C(3)-S(4) 1.821(13) 
Hg-S(4) 2.638(3) S(4)-C(5) 1.814(12) 
Hg-S(7) 2.712(3) C(5)-C(6) 1.516(16) 
S(1)-C(2) 1.790(12) C(6)-S(7) 1.792(11) 
S(l)-C(9) 1.815(11) S(7)-C(8) 1.799(11) 
C(2)-C(3) 1.523(17) C(8)-C(9) 1.533(15) 
Table2. Angles (°) with standard deviations 
S( 1)-Hg-S(4) 82.64(9) Hg-S(4)--C(5) 102.4(4) 
S(1)-Hg-S(7) 81.01(8) C(3)-S(4)--C(5) 104.6(6) 
S(4)-Hg-S(7) 82.86(9) S(4)-C(5)---C(6) 115.5(8) 
Hg-S(1)--C(2) 101.0(4) C(5)-C(6)-.-S(7) 118.4(8) 
Hg-S(1)---C(9) 97.1(4) Hg-S(7)--C(6) 95.1(4) 
C(2)-S(1)--C(9) 103.9(5) Hg-S(7)--C(8) 104.1(4) 
S(1)-C(2)--C(3) 116.7(8) C(6)-S(7)--C(8) 104.0(5) 
C(2)-C(3)-S(4) 117.5(9) S(7)-C(8)---C(9) 113.5(7) 
Hg-S(4)--C(3) 97.6(4) S(1)-C(9)--C(8) 118.8(8) 
Table 3. Selected torsion angles (°) with standard deviations 
C(9)-S(1)---C(2)--C(3) 128.4(9) S(4)-C(5)---C(6)--S(7) -60.4(11) 
C(2)-S( I )-C(9)--C(8) -51.7(9) C(5)-C(6)-S(7)--C(8) - 53.0(10) 
S(1)-C(2)--C(3)--S(4) -.3(1 1) C(6)-S(7)---C(8)--C(9) 129.6(18) 
C(2)-C(3)--S(4)--C(5) -53.7(10) S(7)-C(8)--C(9)-S(l) -61.1(10) 
C(3)-S(4)--C(5)--C(6) 128.2(9) 
parameters, S = 1.191. The maximum and mini-
mum residues in the final /.F syntheses were 0.80 
and -0.80 eA, respectively. The illustration was 
prepared using ORTEP,' 9 molecular geometry cal-
culations utilized CALC, 2° and scattering factor 
data were taken from ref. 21. Bond lengths and 
angles are given in Tables 1-3. Atomic positional 
and thermal parameters, together with FO/FC values 
have been deposited as supplementary data with the 
Editor, from whom copies are available on request. 
Atomic coordinates have also been deposited with 
the Cambridge Crystallographic Data Centre. 
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TRANSITION METAL COMPLEXES OF HOMOLEPTIC POLYTHIA CROWNS 
M.N. Bell, A.J. Blake, R.O. 
A.J. Lavery, G. Reid and M. 
Department of Chemistry, 
University of Edinburgh, 
West Mains Road, 
Edinburgh EH9 3JJ, 
Scotland. 
Gould, A.J. Holder, T.I. Hyde, 
Schrbder* 
The binding of transition metal ions to polydentate macrocyclic 
ligands to give mono-, bi- and poly-nuclear complexes is well known. 
We have been investigating the complexation of transition metal ions, 
particularly those of the platinum group metals, by the homoleptic 
polythia crown ligands 1,4,7,10, 13,16-hexathiacyclooctadecane (0), 
1,4,8,11-tetrathiacyclotetradecane (L 2 ) and 1 ,4,7-trithiacyclononane 
(0). These ligands were attractive since they would be expected to 
bind effectively to the relatively soft second and third row metal 
ions and lead to the formation of complexes exhibiting unusual 
stereochemical, electronic and redox properties. 
fl 
Cs si CS-) 
	
\_j 	 U 
(L 1 ) 	 (L2 ) 	 (0) 
It was shown originally by Black and coworkers (Tet. Lett. 1969, 
3961) that the potentially hexadentate ligand (L 1 ) (the thia analogue 
of 18-crown[6]) could readily encapsulate first row transition metal 
ions such as N' 2 and CO2 in an octahedral manner. The ability of 
(Li-) to act as a binucleating ligand had not however been 
demonstrated. We therefore initiated a study on the reactivity of (L) 
with a variety of metal substrates with a view to investigating its 
coordination to polyinetallic centres. 
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Reaction of (0) with two molar equivalents of [CU(NCCH3) 4 ]' 
gave the di-copper(I) complex [Cu2(L1)(NCCH3)2]2 (1); the single 
crystal X-ray structure of (2) shows each tetrahedral copper(I) ion 
bound to three thia donors of (0), Cu-S = 2.32-2.34A, and one 
molecule of CH3CN, Cu-N = 1.94A, with a Cu.. .Cu distance of 4.25A. 
Treatment of the isoelectronic, carbocyclic dimers [M(cp*)C1 2 ] 2 
(M = Rh, Ir) and [MC12(arene)] 2 (M = Ru, Os; arene = p-cymene, 
hexamethylbenzene, benzene) with (L) affords the binuclear species 
[M2(cp*)2C12(Ll)} 2+ and [M2Cl2(arene) 2 (Ll)]? respectively. The 
single crystal X-ray structure of the di-rhodium(III)' product 
[Rh2(cp*)2C12(Ll)] 2+ () shows the metal ions bound to only two of the 
thia donors of (Li) with Rh-s = 2.377, 2.365, Rh-CI = 2.387, 
Rh-C = 2.161-2.188A. 
(1) 	 () 
A series of mononuclear platinum metal complexes have also been 
prepared. 
Reaction of PdC12 or PtC1 2 with (L) gave 1:1 complexes 
[M(L 1 )] 2 (M = Pd, Pt) (a). The crystal structure analyses of these 
complexes confirm square planar coordination of the metal ions to four 
thia donors of (Li) (Pd-s = 2.309, Pt-s = 2.296A) with the two 
remaining sulphur donors of (0) being essentially non-bonded (Pd-S' = 
3.273, Pt-S' = 3.380A; <5'PdS = 75.1, 104.9, <S'PtS = 74.2, 
104.8). The dangling thia donors S' are therefore unable to complete 
octahedral coordination around Pd(II) and Pt(II) due to the relatively 
large radii of these metal ions. 
() 
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The small ring trithia macrocycle (0) has been shown to bind to 
first row transition metal ions in a facial manner. Thus 
bis-macrocyCliC species of type [M(L3 )2] 2  (M = Co(II), Ni(II), 
Cu(II)) have been generated previously and shown to have octahedral 
MS6 stereochemistries (Glass and coworkers, Inorg. Chem.., 1983, 22, 
266). Reaction of (0) with PdC12 and PtC12 in a 2:1 molar ratio 
yielded complex cations of stoichiometry [M(L3 )2] 2 ; their structural 
and redox properties were assessed. 
-- 	The single crystal X-ray 
complex to have an unusual square-based pyramidal stereochemistry. The 
Pt(II) ion is coordinated by four thia donors in a square plane, 
Pt-S = 2.25-2.30A, with one of the remaining sulphur ligands bound 
apically Pt-S' = 2.88A, <SPtS' = 84.0-97.2. The sixth thia donor is 
not coordinated to the metal centre, Pt.. .S'' = 4.04A. In contrast to 
the yellow Pt(II) complex (4), the isoelectronic Pd(II) species 
[Pd(L3 )2] 2  () is green and not isostructural. The crystal structure 
of () shows the centrosymmetric cation to have an unexpected 
distorted octahedral stereochemistry around Pd(II) with 
PdS equ = 2.332, 2.311 and Pd-S 	= 2.952A. 
	
(4) 	 () 
The complexes (4) and () each show, by cyclic voltammetry, 
one, one electron oxidation at E 	4-0.39V. &Ep = 145mV. and 
Em = +0.605V. AEP = 84mV. vs. Fc/Fc respectively in CH3CN at platinum 
electrodes. Controlled potential electrolysis of the complexes at 
+0.5V. and +0.7V. respectively at a platinum gauze affords the 
corresponding oxidation products [M(L3 )2] 3  which have been identified 
by esr spectroscopy as formally metal(III) species; gg = 1.987, g 1 
2.044, Au = 85G. A1 = 30G ( 95Pt, I=, 33.8%) for [Pt(L 3 )2] 3 , gg = 
2.009, g1 	2.049, A 	5G, A1 = 20G ( 105Pd, I= 	22.2%) for 
[Pd(L3 )2] 3 . Interestingly, the Pd(II) and Pt(II) complexes of (L) 
and (0), ((a) and (Q)), show no oxidative redox processes by cyclic 
voltammetry in CH3CN. The electrochemical inactivity of these latter 
species may be rationalised by the inability of the macrocycles (L) 
and (L2 ) to form octahedral complexes with Pd and Pt centres. The 
ligand (0) may be regarded as being too small to fully encapsulate 
octahedrally the relatively large Pd(II) and Pt(II) ions. (0) would 
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be expected to bind equatorially to give square planar complexes; this 
has been confirmed by the single crystal X-ray structure of [Pd(L 2 )] 2 
(b); Pd-S = 2.23-2.334. By contrast, coordination of two molecules of 
(0) to Pd(II) and Pt(II) enables a preferred (distorted) octahedral 
stereochemistry to be achieved on oxidation to the metal(III) species. 
The coordinative flexibility of (0) in this system appears therefore 
to be crucial in stabilising the d7 metal centre. In addition, the 
positive charge in [M(L 3 )2] 3 would be expected to be stabilised 
further by délocalisatlon onto thethiaIigands7 Thê extent of 
positive charge on the thia donors is ëurrently being assessed. 
() 	 (7) 
The homoleptic hexathia complexes [Rh(L 3 )2] 3 and [Ru(L3 )2) 2 
have also been synthesised. The single crystal X-ray structures of 
these products confirm their octahedral stereochemistries with 
Rh-S = 2.330, 2.332; Ru-S = 2.327-2.336A. An unexpected feature of the 
structure of [Ru(L 3 )21(BPh4)2. 2dmso (7) is the approach of the dmso 
solvate molecules towards the outer face of the coordinated trithia 
ligands. This occurs via H-bonding of the 0-donor of the dmso solvates 
with the protons of the methylene groups of (0), 0.. .H = 2.201, 
2.419, 2.790, 3.291A. This secondary interaction between the dmso 
molecules with the rear cone/cavity of the coordinated trithia ligand 
may be regarded as a weak inclusion of solvent; this is supported by 
the observation that dmso may be replaced by two molecules of other 
donor solvents such as CH3CN and CH3NO2. The development of related 
systems incorporating larger and deeper cavities is under 
investigation. 
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